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ABSTRACT OF THE DISSERTATION
Facile Surface Exchange on 2D Cadmium Selenide Quantum Belts
By
Yuewei Yao
Doctor of Philosophy in Chemistry
Washington University in St. Louis, 2020
Professor William E. Buhro, Chair
This dissertation presents various surface-ligand exchange reactions on cadmium selenide
quantum belts (QBs), specifically between L-type, Z-type and bound-ion-pair AX salt type
ligation.
The surface ligation of nanocrystals determines their optical and transport properties, and
thus purposeful control of nanocrystal surface chemistry is under active investigation. Colloidal
2D II-VI (specifically CdSe) QBs provide an ideal system for the study of rapid, complete, and
reversible surface exchange at room temperature. Interchange of different types of ligands is
observed. The surface exchanges are characterized by a variety of means, and the absorption and
emission spectra of the QBs are extremely sensitive to surface ligation.
We demonstrate that L-type ligands are rapidly, reversibly, and completely exchanged by
Z-type metal halide ligands. Amine-ligated {CdSe[n-octylamine]0.53±0.06} QBs undergo
instantaneous, reversible exchange of the L-type amine ligation for Z-type ligation provided by
the neutral metal halides MX2 (M= Cd, Zn; X= Cl, Br, I). Exchange from L-type to Z-type MX2
ligation results in large shifts of the quantum-belt absorption features to lower energy, which are
252, 151, and 157 meV for CdCl2, CdBr2, and CdI2 ligation, respectively. These reversible

xiv

exchanges demonstrate the strong influence of surface ligation on the electronic properties of the
2D nanocrystals.
We also demonstrate that Z-type ligation of CdSe QBs is exchangeable by bound-ion-pair Xtype ligation. Simple salts AX (A= NR4+ or Na+) displace Z-type ligation to give bound-ion-pair
X-type ligation. These exchange reactions are also rapid, complete, and fully reversible. The
approach used here may shed light on a broad technological adaption of solution-processed
metals, dielectrics, and semiconductors.
Finally, we differentiate thiol and thiolate ligands on CdSe QBs. We identify various bonding
modes and conclude that thiol and thiolate ligands are readily exchangeable on CdSe QBs.

xv

Chapter 1
Introduction

1

In this dissertation, 2D cadmium selenide quantum belts (QBs) are employed for ligandexchange studies. They are easily prepared in amine-bilayer mesophase templates, have wurtzite
structures, and are exclusively passivated by L-type primary-amine ligation.1 The major top,
bottom and edge facets expressed on these nanocrystals are non-polar facets and contain equal
numbers of surface Cd and Se atoms.2 Additionally, the absorption(extinction) spectra of the
wurtzite CdSe QBs are sensitive reporters of surface ligation.2-3 The combination of the large
spectral response and the homogeneity of the predominant nonpolar surfaces simplifies the study
of surface ligation and makes CdSe QB an ideal system for ligand-exchange studies.
In chapter two, we demonstrate that L-type ligands are rapidly, reversibly and completely
exchanged by Z-type metal-halide neutral-acceptor ligands MX2 (M= Zn, Cd; X= Cl, Br, I).
These reversible exchanges produce large spectral shifts that are assigned to changes in the strain
state of the quantum belts, and the extension of the CdSe crystal lattice by surface coordination
of Cd atoms. These Z-type ligands are rapidly and completely reversed by back exchange to noctylamine ligation.
In chapter three, we demonstrate that Z-type ligation on CdSe QBs is exchanged by boundion-pair X type anionic ligation. Simple salts AX (A = NR4+ or Na+) displace Z type ligation to
form bound-ion-pair X-type ligation. As with L-type to Z-type exchange, Z-type and bound-ionpair X-type ligation is rapidly, reversibly, and completely interchanged. All the methods
employed here provide routes for purposely functionalizing the 2D nanocrystals and could be
extended to induce charge separation of photo-excited carriers.
In chapter four, we distinguish neutral alkanethiol (RSH) and anionic alkanethiolate (RS–)
ligation on CdSe nanocrystals. Previous studies lack clarity as to the mode of thiol interaction
with the nanocrystal surface, as a thiol ligand with its proton intact, or as a deprotonated thiolate.
2

We characterize both bonding modes on CdSe nanocrystals and conclude that the typical mode
of nanocrystal-surface ligation is as an anionic alkanethiolate. We further show that thiol and
thiolate ligation are readily exchanged on CdSe nanocrystals.

1.1 Structure and Spectroscopy of 2D CdSe Nanocrystals
Semiconductor nanocrystals typically express a combination of different surface crystal facets
having varying crystallographic orientations, surface structures, and polarities (polar vs.
nonpolar).4-5 This facet diversity complicates studies of ligation exchange, because the different
facets exhibit different ligand-binding affinities,6-8 ligand-packing densities, and exchange
chemistries.4-5, 9 Exchanges that occur readily on facets of one type may not occur at all on facets
of another. Thus, nanocrystals exhibiting surface facets of the same type, exhibiting the same
ligand-exchange properties, greatly facilitate studies of post-synthetic ligation exchange. CdSe
QBs, having an extended length dimension and the wurtzite crystal structure, provide an ideal
model system for such studies.
The wurtzite CdSe QBs are ribbon-shaped nanocrystals with a discrete thickness of 1.8 nm (5
CdSe monolayers), widths of 6-8 nm, and lengths on the order of 1 μm (Figure 1.1).1 The broad
top and bottom {11-20} facets are nonpolar, having equal numbers of surface Cd and Se atoms.2
The long, thin {1-100} edge facets are also nonpolar, having a different arrangement of surface
Cd-Se dimer units than the {11-20} facets. Only the vanishingly small end {0001} facets are
polar, consisting entirely of charged Cd (or Se) ions. Thus the surface chemistry of the QBs is
overwhelmingly dominated by nonpolar facets of closely related structure (Figure 1.2), which
exhibit the same ligation-exchange chemistry. The long length of the QBs is important. Were we
to use shorter nanoplatelets, the polar {0001} facets would make a larger contribution to the total
surface area, and exhibit a different exchange chemistry.
3

Figure 1.1. Diagram of a wurtzite CdSe QB identifying the facets and the crystallographic
orientation of the QB. Note that the {11-20} (top and bottom) facets are perpendicular to the [1120] direction, etc. Reprinted with permission from ref 29.

Figure 1.2. Structures of the prominent (nonpolar) facets expressed by wurtzite CdSe QBs. The
Se atoms are the larger, purple spheres, and the Cd atoms the smaller, yellow spheres. Surface
atoms in valley position are shaded gray, and consist of 4-coordinate Cd and Se atoms. Surface
atoms in ridge positions are unshaded, and consist of 3-coordinate Cd and Se atoms. (a) A broad
{11-20} top or bottom facet. Note the zig-zag -(Cd-Se)n- chain that runs along each ridge or
valley, parallel to the long axis of the QB. (b) A long, thin {1-100} edge facet. Note the isolated
(Cd-Se)2 dimer units stacked in parallel along each ridge and valley. The long axis of the QB is
oriented perpendicularly to the ridges and valleys. Adapted with permission from ref 29.
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1.2 Metal-Halide-Ligated CdSe QBs by Facile Surface
Exchange
Owen and co-workers systematized the surface ligation of semiconductor nanocrystals,10-11
using Green’s covalent bond classification in 2013.12 Ligands are classified as L-type neutral
donors, Z-type neutral acceptors, or X-type anionic donors. Nanocrystals may have a single or
mixed-type ligation, which may be exchanged in type, to certain extents, in some cases,
completely and reversibly.2, 10-11 The existence of mixed-type ligation, and its exchangeability,
accounts for the different surface ligation and nanocrystal properties afforded by nominally
similar nanocrystal syntheses. Facile exchanges among the types listed in Scheme 1.1 allow for
the possibility of the purposeful functionalization of semiconductor-nanocrystal surfaces, if it can
be established as a general method.
Scheme 1.1. Classification of Nanocrystal Ligation:10-12 L type, Z type (XnM), X type, and
bound-ion-pair X type. Reprinted with permission from ref 24.

Treatment of PbS and PbSe semiconductor nanocrystals with metal-halide solutions
containing, for example, PbI2,13-14 or CdCl2,14-15 improves the stability and performance of
nanocrystal-based solar cells fabricated from the treated nanocrystals.16 These nanocrystals are
originally prepared with long-chain carboxylate ligation, which is largely removed by exposure
to the metal halides, passivating defects, increasing the open-circuit voltage, and/or shifting the
5

work function of the fabricated devices.13-16 We considered that the added metal halides may
participate in a Z for Z’ surface-ligation exchange on the nanocrystals, removing the carboxylate
surface ligation as Pb(carboxylate)2 (Z type), and replacing it by the added MX2 (Z’ type). We
note that X for X’ (or X for L’) metallate surface exchange has been previously demonstrated
using metal-halide anions (halometallates).17-21 At question here is if Z-type neutral metal
halides may participate in surface-exchange processes, possibly accounting for the improvements
in stability and performance of nanocrystal solar cells prepared from metal-halide treatments.
The CdSe QBs provide a very convenient system for studying such surface exchanges,
because of the sensitivity of their extinction spectra to surface ligation. In this work, we show
that surface exchanges using neutral metal halides do indeed result in Z-type MX2 ligation of the
CdSe QBs, largely removing the original organic, hydrocarbon-based ligation, and inducing
large, reversible spectral shifts. These large spectral shifts, which are due to changes in the strain
states of the QBs, and extension of the CdSe crystal lattice by surface coordination of the ligand
Cd atoms, are rapidly and completely reversed by back exchange to n-octylamine ligation.
Similarly, reversible spectral shifts were observed upon L-type to Z- type exchange with ZnX2
ligation, although the shifts are smaller in magnitude. The results demonstrate the facility,
reversibility, and generality of L-type for Z-type surface exchanges in wurtzite CdSe quantum
belts, and that neutral metal halides may function as Z-type ligands in semiconductor
nanocrystals. Luther and coworkers showed metal-halide passivation MX2 (M= Cd, Pb; X= Cl, I)
enhanced QD solar-cell performance by favorably tuning band alignments, increasing opencircuit voltage (Voc), increasing photon-conversion efficiency (PCE), and protecting devices from
oxidation.22 So this type of ligand exchange may shed light for solar cell applications.
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1.3 Interchange of L-type and Z-type to Bound-Ion- Pair Xtype Ligation on CdSe QBs
As 1.2 paragraph noted, Owen and coworkers have introduced a ligand-classification scheme
for nanocrystals, in which Z-type and L-type ligands are neutral acceptors and donors,
respectively (Scheme 1.2).10-11 Formally, X-type ligands are neutral one-electron donors.12
However, X-type ligands are added and displaced from nanocrystal surfaces as anions, and are
considered as functionally anionic ligands herein.11 With a stoichiometric nanocrystal core, an Xtype ligand brings a negative charge that must be by balanced by an associated counter-cation
(A). The AX pair is bound to the nanocrystal through the coordinated X ion, and thus forms a
bound ion pair. Macdonald and coworkers have identified a fourth category of nanocrystal
surface ligation, crystal-bound ligation, in which a ligand atom adopts a surface position within
the crystal lattice.23 Crystal-bound ligands are nonlabile. This work concerns the interplay and of
Z-, L-, and bound-ion-pair X-type ligation.
Scheme 1.2. Classification of Nanocrystal Ligation.10, 23 Reprinted with permission from ref
30.

In chapter 2, we described rapid, complete, and reversible L-type to Z-type ligand exchange
(Scheme 1.3a) on CdSe QBs, where L = primary amine and Z = MX2 (M = Cd, Zn; X = Cl, Br, I,
oleate).2, 24 Prior to our studies, Owen and coworkers reported related Z-type to L-type
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exchanges on pseudo-spherical II-VI and IV-VI nanocrystals, which were also reversible.10
Owen’s group also reported conversion of L-type to bound-ion-pair X-type ligation by reactions
of the L-ligated nanocrystals and carboxylic or phosphonic acids (as in Scheme 1.3b).25
Scheme 1.3. Ligation exchanges in wurtzite CdSe QBs Either Demonstrated Previously2-3,
10, 24-25 or Investigated in this Chapter. Reprinted with permission from ref 30.

Yang et al. subsequently found that related reactions of n-octylamine (L-type) ligated CdSe
QBs and acids reacted according to Scheme 1.3b (X = halide, nitrate, or carboxylate), giving
bound-ion-pair X-type ligation, and that in some cases these reactions were fully reversible.3
However, for the stronger acids HX, the addition of large concentrations of tri-n-octylphosphine
was necessary to buffer the acids. As a consequence, the counter-cations LH+ were mixtures of
alkylammonium and trialkylphosphonium ions. Moreover, the reactions could not be fully
reversed for X = Cl and Br, suggesting that the chemistry in those cases was more complicated
than an L-type to X-type surface exchange alone. Because of the sensitivity of CdSe nanocrystals
to acids, we sought a milder approach to ligand exchange affording bound-ion-pair X-type
ligation.
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Chapter 3 examines the putative exchange reactions employing salts AX as shown in Scheme
1.3c and 1.3d. To summarize the results, AX salts are incapable of displacing L-type amine
ligation. However, AX salts do displace Z-type ligation. The magnitudes of the AX coverage in
the initially exchanged materials are comparable to the coverages previously established for Ltype n-octylamine ligation.2 However, a significant component of the AX ligation is easily
washed away, leaving a smaller, robust AX component comparable to the coverages previously
established for Z-type Cd(oleate)2 ligation.2 Bound-ion-pair AX ligation is readily back
exchanged to L-type and Z-type ligation. Except for L-type to AX ligation, all of other
exchanges between L-, Z-, and X-type ligation are shown to be rapid, complete, and reversible,
and leave the CdSe nanocrystal lattice intact. The spectroscopic, structural, and compositional
aspects of these exchange processes are explored in chapter three.

1.4 Thiol versus Thiolate ligation on Cadmium Selenide
Quantum Belts
Addition of thiols to semiconductor nanocrystals influences their photoluminescence
efficiencies. However, the mode of ligation – as neutral thiol ligands, or as anionic thiolate
ligands – is rarely clearly established. In this chapter we distinguish neutral alkanethiol (RSH)
and anionic alkanethiolate (RS–) ligation on CdSe QBs. We conclude that the typical mode of
nanocrystal-surface ligation is as an anionic alkanethiolate. Thiol and thiolate ligation are readily
exchanged on CdSe QBs.(Scheme 1.4)
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Scheme 1.4. Thiol and Thiolate Bonding Modes on CdSe QBs. Reprinted with permission
from ref 29.

Only three prior studies have compared thiol vs. thiolate ligation in the same nanocrystal
system.26-28 Comparing and contrasting the spectroscopic and other characteristics of these ligand
types distinguish their properties and reveal differences, such as in ligation stabilities. Ideally,
one would employ for such comparisons a nanocrystal platform that accommodates both L- and
X-type ligation, and undergoes facile exchange between them.28
In our work demonstrated in chapter 4, n-dodecanethiol binds to CdSe QBs having
stoichiometric cores (Cd/Se = 1) as neutral, Lewis-basic L-type ligands. n-Dodecanethiolate
binds to CdSe QBs having stoichiometric cores (Cd/Se = 1) as anionic X-type ligands, with an
associated counter-ion to balance the negative surface charge. Hence this is bound-ion-pair Xtype ligation. n-Dodecanethiolate is also incorporated in neutral, Lewis-acidic Z-type Cd(SR)2
ligands on CdSe QBs. Such QBs have excess surface Cd associated with the Z-type ligands, and
thus non-stoichiometric cores (Cd/Se = 1.2). This latter case of Z-type ligation most closely
parallels the non-stoichiometric nanocrystals having predominately X-type ligation.10-11,22 Thiol
and thiolate ligation, as L-type, bound-ion-pair X-type, and Z-type ligation are interchangeable
on wurtzite CdSe QBs.
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Chapter 2
Metal-Halide-Ligated Cadmium Selenide
Quantum Belts by Facile Surface Exchange

13

2.1 Introduction
In this chapter, we report rapid exchange of L-type n-octylamine ligation to Z-type MX2
ligation (M = Cd, Zn; X = Cl, Br, I) on the surfaces of CdSe quantum belts (QBs, or
nanoribbons); see Scheme 2.1. These exchanges are characterized by absorption (extinction),
photoluminescence (PL), and IR spectroscopies, XRD and TEM studies, and elemental analyses.
The CdSe QB extinction spectra are highly sensitive to surface ligation, and the L- to Z-type
surface exchanges detailed here result in shifts of the QB absorption features of up to 252 meV
(45 nm). Moreover, these exchange processes are shown to be fully reversible. In conjunction
with our earlier work on exchange of amine for M(oleate)2 ligation on CdSe QBs and CdS
quantum platelets,1 these results help to establish the generality of L- to Z-type surface exchange
in this family of flat, semiconductor nanocrystals.
Scheme 2.1. Exchange of L- and Z-type (MX2) Ligation. Reprinted with permission from
ref 18.

2.2 Experimental Section
2.2.1 Materials and General Procedures
The {CdSe[n-octylamine]0.53} QBs were prepared as previously reported.2 Anhydrous
cadmium chloride (CdCl2, >99%), cadmium iodide (CdI2, >99%), zinc chloride (99.999%), zinc
bromide (≥98%), and zinc iodide (≥98%) were purchased from Sigma-Aldrich. Anhydrous
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cadmium bromide (CdBr2, >98%) was purchased from Alfa Aesar. n-Octylamine (99%),
methanol (ACS Reagent, ≥99.8%)，and toluene (ACS Reagent, ≥99.5%) were purchased from
Sigma Aldrich. All reagents were used as received without additional purification. TEM sample
grids (Cu with holey carbon film) were obtained from Ted Pella, Inc. All synthetic procedures
were conducted under the ambient atmosphere unless otherwise specified.

2.2.2 Characterization Methods
UV-visible spectra were obtained from a Perkin Elmer Lambda 950 UV/Vis spectrometer or
a Varian Cary 100 Bio UV-visible spectrophotometer. Photoluminescence (PL) spectra were
collected using a Varian Cary Eclipse fluorescence spectrophotometer. XRD patterns were
obtained from a Bruker d8 Advance X-ray Diffractometer with Cu Kα radiation (λ = 1.541845
Å) and the Bruker DiffracEva software program. The XRD samples were prepared by casting
concentrated sample precipitates onto a silicon sample holder and dried in fume hood. TEM
images were obtained from a JEOL 2000FX microscope operating at 200 kV. TEM samples
were prepared by dipping TEM grids into a toluene dispersion (5-6 mL) of a purified specimen,
and immediately removed to allow evaporation of the solvent. IR spectra were obtained from a
Perkin Elmer Spectrum BX FT-IR System. Elemental analyses (Table 1; C, H, N, and X) were
obtained from Galbraith Laboratories, Inc. (Knoxville, TN) using combustion-based methods.
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Table 2.1. Elemental Analysis Data for CdX2-ligated CdSe QBs. Reprinted with permission
from ref 18.
{CdSe[n-octylamine]0.61[CdBr2]0.01}
Calcd

C (%)

H (%)

N (%)

X (%)

21.47
21.90

4.28
4.23

3.13
3.02

0.58
0.37

C (%)

H (%)

N (%)

X (%)

3.90

0.67

0.25

19.68

3.32
4.55

0.97
0.72

<0.5
<0.5

20.28
19.59

Calcd

3.50

0.60

0.24

33.38

Found (1)

4.19

0.51

<0.5

33.23

Found (2)
{CdSe[CdI2]0.42[oleylamine]0.08}

3.92

<0.5

<0.5

33.30

Calcd
Found (1)

4.70
3.83

0.81
<0.5

0.30
<0.5

29.00
29.49

Found (2)

5.39

0.58

<0.5

29.43

Found (1)
{CdSe[CdCl2]1.23[oleylamine]0.08}
Calcd
Found (1)
Found (2)
{CdSe[CdBr2]1.03[oleylamine]0.08}

2.2.3 Preparation of Stock Mixture of {CdSe[n-octylamine]0.53} QBs.
The synthesis of {CdSe[n-octylamine]0.53} QBs was conducted on the same scale as that
previously reported (0.27 mmol of Cd(OAc)2·2H2O and 0.47 mmol of selenourea).2 The yellow
dispersion obtained after TOP addition was stored in small vials in a glovebox at room
temperature for future use.

2.2.4 Preparation of 0.1 M Metal-halide Solutions.
Preparation of a CdCl2 Solution. CdCl2 (37 mg, 0.2 mmol) was combined with methanol (2
mL) in a small, capped vial and the mixture was sonicated in a sonicating bath for 15-20 min to
fully dissolve the CdCl2. The resultant solution was clear and colorless.
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Preparation of a CdBr2 Solution. CdBr2 (54 mg, 0.2 mmol) was combined with methanol
(2 mL) in a small, capped vial and the mixture was sonicated in a sonicating bath for 10-15 min
to fully dissolve the CdBr2. The resultant solution was clear and colorless.
Preparation of a CdI2 Solution. CdI2 (73 mg, 0.2 mmol) was combined with methanol (2
mL) in a small, capped vial and the mixture was sonicated in a sonicating bath for 5-10 min to
fully dissolve the CdI2. The resultant solution was clear and pale yellow.
Preparation of a ZnCl2 Solution. ZnCl2 (27 mg, 0.2 mmol) was combined with methanol
(2ml) in a capped vial and the mixture was sonicated in a sonicating bath for 5 min to fully
dissolve the ZnCl2. The resultant solution was clear and colorless.
Preparation of a ZnBr2 Solution. ZnBr2 (45 mg, 0.2 mmol) was combined with methanol
(2 mL) in a small, capped vial and the mixture was sonicated in a sonicating bath for 5 min to
fully dissolve the ZnBr2. The resultant solution was clear and colorless.
Preparation of a ZnI2 Solution. ZnI2 (64 mg, 0.2 mmol) was combined with methanol (2
mL) in a small, capped vial and the mixture was sonicated in a sonicating bath for 5 min to fully
dissolve the ZnI2. The resultant solution was clear and colorless.

2.2.5 Surface Exchange of {CdSe[n-octylamine]0.53} QBs with MX2.
An aliquot (0.2 ml) of the CdSe QB stock mixture was transferred to a septum-capped test
tube, and toluene (1 ml) was added. The resulting pale-yellow precipitate was separated by a
benchtop centrifuge (1500 rpm, 5 min) and the supernatant was discarded. The dispersioncentrifugation cycle was repeated two additional times. The purpose of this purification process
was to remove excess n-octylamine.
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An MX2 solution (0.2 mL) was added to the purified {CdSe[n-octylamine]0.53} QBs, resulting
in an instantaneous color change in all cases. Addition of the CdCl2 solution produced the
deepest yellow color.
Analyses were conducted using purified {CdSe[MX2]x} QBs. Toluene (3-4 mL) was added to
the {CdSe[MX2]x} mixture, and a yellow precipitate was collected after centrifugation (1500
rpm, 5 min). This precipitate was used for PL and UV-vis analyses. For XRD and FTIR analyses,
the toluene dispersion and centrifugation cycle was conducted two additional times to ensure
removal of free MX2. For preparation of elemental-analysis specimens, 8-10 mL of toluene was
used in each of the three washing cycles for {CdSe[CdCl2]x}, and 6 mL for the other
{CdSe[MX2]x} cases.

2.2.6 Back Exchange of {CdSe[MX2]x} QBs to {CdSe[n-octylamine]b} QBs.
Back exchange was conducted using either the as-prepared or purified {CdSe[MX2]x}
precipitates. Addition of n-octylamine (2 mL) converted the deeper yellow solid to the original
pale-yellow color immediately upon mixing. One drop of the resulting {CdSe[n-octylamine]m}
solution was taken to obtain the PL spectra. Subsequent analyses were conducted after
purification as described above for the MX2-passivated QBs. Each washing cycle was conducted
with 3-4 mL of toluene.

2.3 Results
2.3.1 L- for Z-type Exchange with CdX2.
The starting material for the exchange reactions described here was n-octylamine-ligated CdSe
QBs previously established to have the empirical formula {CdSe[n-octylamine]0.53}.1 The
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ribbon-like CdSe QBs were shown to exhibit the wurtzite structure, and to have nonpolar top,
bottom, and long-edge facets (that is, having equal numbers of Cd and Se atoms on these
facets).2-3 The absorption (extinction) spectrum of the amine-ligated QBs (Figure 2.1a) contained
three features at 374, 424, and 449 nm, which have been previously assigned to quantum-well
transitions.3

Figure 2.1. Absorption spectra of variously ligated CdSe QBs: with (a) n-octylamine (assynthesized {CdSe[n-octylamine]0.53}), (b) CdCl2, (c) CdBr2, (d) CdI2. (e) The spectrum obtained
after back exchange from CdBr2-ligated to n-octylamine-ligated CdSe QBs. The dotted lines
highlight the original positions of the first two peaks in (a). Reprinted with permission from ref
18.
Combination of {CdSe[n-octylamine]0.53} and anhydrous CdCl2 in methanol at room
temperature resulted in an instantaneous (~ 1s) color change from pale yellow to deep yellow
(Figure 2.2), which was accompanied by the large spectral shift shown in Figure 2.1b. The
lowest-energy feature in the spectrum of the amine-ligated CdSe QBs was shifted to lower
energy by 252 meV (45 nm), which we show below to result from L- to Z-type ligand exchange,
in which the initial n-octylamine ligands were replaced by CdCl2 ligation. We previously
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reported that exchange of n-octylamine (L-type) ligation to Cd(oleate)2 (Z-type) ligation on the
same type of CdSe QBs resulted in a shift of the lowest-energy feature by 140 meV to lower
energy.1 The magnitude of the shift induced here by CdCl2 ligation was the largest we had
observed in L- to Z-type surface exchange on these CdSe QBs at the time the experiment was
performed.

Figure 2.2. Photographs showing L-type to Z-type ligation exchange. (a) Dispersion of asprepared {CdSe[n-octylamine]0.53} QBs, (b) approximately 1 second after addition of CdCl2,
resulting in exchange to CdCl2-ligation, (c) 20 minutes after addition of CdCl2 (without
agitation); the CdCl2-ligated QBs have settled from the dispersion, (d) approximately 1 second
after addition of n-octylamine to the specimen in c, resulting in back exchange to n-octylamine
ligation. Reprinted with permission from ref 18.

We previously observed that exchange of L-type n-octylamine ligation for Z-type Cd(oleate)2
ligation resulted in the near quenching of the CdSe QB photoluminescence (PL).1 Z-type CdCl2
ligation had the same effect here, presumably due to the introduction of surface traps. Figure 2.3a
shows the PL spectrum of {CdSe[n-octylamine]0.53} (which has a PL quantum efficiency of 7 ±
3%4). The PL peak in Figure 2.3a at 453 nm was slightly Stokes shifted from the lowest-energy
absorption feature in Figure 2.1a. Exchange of n-octylamine to CdCl2 ligation gave the PL
spectrum in Figure 2.3b, in which the PL was largely quenched. A broad, weak feature was
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evident at 500 nm (Figure 2.3b inset), shifted by a similar amount as the corresponding
absorption feature in Figure 2.1b.

Figure 2.3. PL spectra of variously ligated CdSe QBs: with (a) n-octylamine, (b) CdCl2, (c)
CdBr2, (d) CdI2. Inset: spectra (b) – (d) with the vertical scale increased by 33×. Reprinted with
permission from ref 18.
Similarly, combination of {CdSe[n-octylamine]0.53} and anhydrous CdBr2 or CdI2 gave
instantaneous color changes and the spectral shifts shown in Figure 2.1c and d, respectively. The
shifts to lower energy for CdBr2 and CdI2 ligation were roughly equal (151 and 157 meV), and
smaller than the corresponding shift observed for CdCl2 ligation. Even so, these shifts were
larger than that previously observed for Cd(oleate)2 ligation.1
Upon exchange of L-type n-octylamine ligation for Z-type CdBr2 or CdI2 ligation, the PL
spectra were again largely quenched (Figure 2c and d, respectively). The shifts in the weak PL
features observed were also consistent with the corresponding shifts in the absorption spectra
(Figure 2.1c, d).
Exposure of any of the CdX2-ligated CdSe QBs to n-octylamine resulted in immediate back
exchange to L-type n-octylamine ligation. Back exchange was evidenced by a return shift of the
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QB absorption features to the original positions for {CdSe[n-octylamine]0.53} (Figure 2.1e), and
a partial restoration of the PL spectrum of {CdSe[n-octylamine]0.53} (Figures 2.4 and 2.5).
Significant PL intensity near 454 nm was recovered, consistent with n-octylamine-ligated CdSe
QBs. Elemental analysis (see the Experimental Section) of the QBs back exchanged from CdBr2
ligation established the empirical formula {CdSe[n-octylamine]0.61[CdBr2]0.01}, consistent with
near-complete removal of CdBr2 and regeneration of the initial L-type amine ligation.

Figure 2.4. PL spectra of as-synthesized {CdSe[n-octylamine]0.53} QBs (a), and n-octylamineligated CdSe QBs, after back exchange from CdBr2 ligation (b). Reprinted with permission from
ref 18.

Figure 2.5. PL spectra of n-octylamine-ligated CdSe QBs after back exchange from MX2
ligation. The inset legend identifies the ligation prior to back exchange. Reprinted with
permission from ref 18.
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The PL spectra of the back-exchanged QBs contained either a tail or shoulder feature at
longer wavelength (481 nm in Figure 2.4; see also Figure 2.5), which we attributed to shallowtrap emission.1 PL lifetimes were measured at the main peak (τave = 4.6 ± 0.4 ns) and shoulder
feature (τave = 25 ± 2 ns; see Figure 2.6 and Table 2.2). The lifetime at the main peak was close
to that in the starting {CdSe[n-octylamine]0.53} (τave = 3.5 ± 0.1 ns; see Figure 2.7 and Table 2.3).
The order-of-magnitude longer lifetime at the shoulder feature was consistent with its assignment
as shallow-trap emission.
Table 2.2. Parameters obtained from four-exponential fits to the PL-decay data in Figure
2.6. Reprinted with permission from ref 18.
Emission
Energy
Wavelength
(nJ/pulse)
(nm)

1 (ns)

A1

2 (ns)

A2

3 (ns)

A3

459

17

0.529(9) 0.100(2) 0.372(7) 0.45(1) 0.097(4)

512

17

0.568(6) 0.591(9) 0.320(5)

3.2(1)

2.3(1)

0.133(6) 13.2(7)

avg

4 (ns)

A4

(ns)

0.021(2) 11.0(5)

4.6(4)

0.033(2)

25(2)

54(2)

Table 2.3. Parameters obtained from four-exponential fits to the PL-decay data in Figure
2.7. Reprinted with permission from ref 18.
Emission
Energy
Wavelength
(nJ/pulse)
(nm)

A1

1 (ns)

2 (ns)

A2

A3

3 (ns)

A4

4 (ns)

avg
(ns)

453

4

0.527(7) 0.087(1) 0.402(6) 0.359(7) 0.064(2)

2.0(1)

0.016(1)

9.0(4)

3.5(2)

462

4

0.601(9) 0.133(2) 0.312(7)

2.9(2)

0.023(2) 12.5(6)

5.5(5)

23

0.58(2)

0.094(3)

Figure 2.6. PL-lifetime measurements from starting {CdSe[n-octylamine]0.53} QBs. Top:
Absorption (black) and static PL (red) spectra of the sample employed for the time-resolved PL
measurements. The red and black arrows show the wavelengths at which PL-decay data were
collected. Bottom: PL decays collected at two emission wavelengths (see inset legend) after
laser excitation at 400 nm. The yellow curves are four-exponential fits to the data. Reprinted with
permission from ref 18.
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Figure 2.7. PL-lifetime measurements from starting {CdSe[n-octylamine]0.53} QBs. Top:
Absorption (black) and static PL (red) spectra of the sample employed for the time-resolved PL
measurements. The red and black arrows show the wavelengths at which PL-decay data were
collected. Bottom: PL decays collected at two emission wavelengths (see inset legend) after laser
excitation at 400 nm. The yellow curves are four-exponential fits to the data. Reprinted with
permission from ref 18.
The L-to-Z-type ligand exchange, and back exchange, on the CdSe QBs was also
demonstrated by IR spectroscopy. The IR spectrum for the initial {CdSe[n-octylamine]0.53} QBs
is given in Figure 2.8 a. In addition to the C-H and C-C stretches observed in the normal regions,
the n-octylamine ligation was specifically revealed by the characteristic N-H stretches in the
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region of 3390 – 3090 cm-1. Upon exchange to CdCl2, CdBr2, and CdI2 ligation, the IR features
of n-octylamine disappeared, including the N-H stretches, giving essentially featureless spectra
(Figure 2.8 b-d). Upon back exchange to n-octylamine, the IR spectrum of n-octylamine
reappeared (Figure 2.8 e).

Figure 2.8. IR spectra of as-synthesized {CdSe[n-octylamine]0.53} QBs (a), after exchange to
CdCl2 (b), CdBr2 (c), and CdI2 ligation (d), and after back exchange from CdBr2 to n-octylamine
ligation (e). Reprinted with permission from ref 18.

2.3.2 Stoichiometries of Z-type Surface Ligation.
The compositions of the CdX2-ligated CdSe QBs were established by elemental analyses.
However, the results obtained by direct exchange from {CdSe[n-octylamine]0.53} were
unreliable. The fate of the amine ligands in the exchange processes is shown in eq 1. The amines
displaced from the CdSe QBs by CdX2 are scavenged by additional CdX2, forming
CdX2(amine)2 complexes.5 We independently prepared the CdCl2(n-octylamine)2 byproduct of
eq 1 and characterized it using 1H NMR, IR (Figure 2.9) and low angle XRD (Figure 2.10). This
byproduct proved to be insoluble in common solvents. Thus, we could not remove it by washing
the {CdSe(CdCl2)x} QBs generated from eq 1 to provide purified QBs suitable for elemental
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analysis. This separation problem persisted to lesser degrees for the CdBr2- and CdI2-ligated QBs
generated by eq 1.

Figure 2.9. IR spectrum of [CdCl2(n-octylamine)2]. Reprinted with permission from ref 18.
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Figure 2.10. Low-angle XRD pattern of [CdCl2(n-octylamine)2]. The labels are the Miller
indices assigned to the low-angle reflections. From these data, a d spacing of 2.45 nm was
determined. This is close to the d spacing of 2.49 ± 0.01 nm calculated from the data published
by Hyeon and coworkers for the same compound.6 Reprinted with permission from ref 18.
We then independently prepared CdCl2(oleylamine)2 to test its solubility. This complex was
systematically characterized using 1H NMR and IR (Figure 2.11) and was found to be
moderately soluble in toluene. Consequently, we prepared oleylamine-ligated CdSe QBs by
ligand exchange of {CdSe[n-octylamine]0.53}QBs.2 Reaction of the oleylamine-ligated QBs with
CdX2 (X = Cd, Br, and I) analogously to eq 1 generated CdX2(oleylamine)2 as the byproduct,
which was removed from the CdX2-ligated QBs by washing with toluene. The absorption spectra
of the CdX2-ligated QBs (Figure 2.12) were indistinguishable from those obtained by exchange
from {CdSe[n-octylamine]0.53}QBs (Figure 2.1).
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Figure 2.11. IR spectrum of [CdCl2(oleylamine)2]. Reprinted with permission from ref 18.

Figure 2.12. Absorption spectra of variously ligated CdSe QBs obtained by exchange using
oleylamine-ligated CdSe QBs. Ligation: (a) oleylamine (starting QBs), (b) CdCl2, (c) CdBr2, (d)
CdI2. Reprinted with permission from ref 18.
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The purified CdX2-ligated QBs were subjected to elemental analyses for C, H, N, and X by
combustion-based methods. The analysis data (see the Experimental Section) were fitted by
assuming that the remaining hydrocarbon present was due to residual oleylamine. (In all cases,
residual N was below detection limits.) The empirical formulas determined from these data were
{CdSe[CdCl2]1.23[oleylamine]0.08}, {CdSe[CdBr2]1.03[oleylamine]0.08}, and
{CdSe[CdI2]0.42[oleylamine]0.08}, for X = Cl, Br, and I, respectively. The results suggested that
small, residual amounts of oleylamine remained after exchange with the Z-type CdX2 ligands.

2.3.3 Structural Characterization of CdX2-ligated CdSe QBs.
The XRD patterns of the CdX2-ligated CdSe QBs are compared to the corresponding patterns
of n-octylamine-ligated QBs in Figure 2.12. The patterns are plotted in the region of the
prominent, low-angle, 100, 002, and 101 reflections of CdSe in the wurtzite crystal structure.
The data in Figure 2.12 confirmed that the wurtzite structure of the original {CdSe[noctylamine]0.53} QBs (Figure 2.1a) was retained after Z-type ligand exchange (Figure 2.1b-d),
and after back exchange to L-type n-octylamine ligation (Figure 2.1e).
Inspection of Figure 2.12 revealed that in all cases the reflections for the QBs were shifted to
lower angles 2θ than the corresponding reflections in bulk CdSe. This phenomenon is known to
result from compressive strain exerted on the QBs by the surface ligation.1,3 The lattice
parameters and percent contractions in the lattice parameters determined from the Figure 2.13
data for the variously ligated CdSe QBs are recorded in Table 2.4. As was previously observed,
the lattice contractions were smaller for Z-type ligation than for L-type ligation.1 Thus, for noctylamine ligation the contraction in lattice parameter a was 4.9%, as compared to 2.3 – 2.8% in
the CdX2-ligated QBs (Table 2.4). The contraction in lattice parameter c was also greater for the
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L-type relative to the Z-type passivation, but the difference was smaller. As is to be discussed
later, the contraction in a contributes to the shifts observed in the absorption spectra in the L-type
vs. Z-type ligated QBs.1 The small angle XRD patterns are also recorded in Figure 2.14.

Figure 2.13. XRD patterns of variously ligated CdSe QBs: with (a) n-octylamine, (b) CdCl2, (c)
CdBr2, and (d) CdI2. (e) The pattern obtained after back exchange from CdBr2-ligated to noctylamine-ligated CdSe QBs. The three vertical line segments on the bottom scale mark the
100, 002, and 101 reflections in bulk (wurtzite) CdSe. The 002 reflection is absent in pattern (a)
because the as-synthesized {CdSe[n-octylamine]0.53} QBs are tightly bundled and preferentially
oriented to remove the 002 planes from the condition for diffraction.1 Reprinted with permission
from ref 18.

Figure 2.14. Low-angle XRD patterns of variously ligated CdSe QBs: with (a) n-octylamine (assynthesized {CdSe[n-octylamine]0.53}, (b) CdCl2, (c) CdBr2, (d) CdI2. (e) The pattern obtained
after back exchange from CdBr2-ligated to n-octylamine-ligated CdSe QBs. The d spacings
extracted from these data are recorded in Table 2.4. Reprinted with permission from ref 18.
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Table 2.4. Lattice Parameters and Contractions in Variously Passivated CdSe QBs.
Reprinted with permission from ref 18.

QB Specimen

a
b

a (Å)

{CdSe[n-octylamine]0.53}

4.09

contraction in a
(%)a
4.9

c (Å)
6.80

contraction in c
(%)
3.1

{CdSe[CdCl2]x}

4.18

2.8

6.84

2.6

{CdSe[CdBr2]y}

4.18

2.8

6.83

2.7

{CdSe[CdI2]z}

4.20

2.3

6.80

3.1

{CdSe[n-octylamine]b}b

4.09

4.9

6.78

3.4

{CdSe[ZnCl2]l}

4.15

3.5

6.82

2.8

{CdSe[ZnBr2]m}

4.18

2.8

6.82

2.8

{CdSe[ZnI2]n}

4.23

1.6

6.86

2.3

Uncertainties in these values are all ± 0.1%.
Obtained by back exchange from {CdSe[CdBr2]y).

Table 2.5. d Spacings Extracted from Low-Angle XRD Data for Variously passivated CdSe
QBs. Reprinted with permission from ref 18.

a
b

CdSe QBs

d spacings (nm)

{CdSe[n-octylamine]0.53}
{CdSe[CdCl2]1.23}
{CdSe[CdBr2]1.03}
{CdSe[CdI2]0.42}
{CdSe[n-octylamine]n}b

2.47
2.22
2.11
N/Aa
2.64

No low-angle peaks were detected for the CdI2-ligated QBs.
Obtained by back exchange from {CdSe[CdBr2]1.03}.

TEM images of the CdSe QBs are provided in Figure 2.15. The as-synthesized {CdSe[noctylamine]0.53} QBs were tightly bundled into parallel stacks such that the image depicts the
thin edges of the QBs.2-3 After L- to Z-type surface exchange with the CdX2 ligands, the QBs
were largely unbundled so that their broad top or bottom facets were displayed in the TEM
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images (Figure 2.15 b-d). The images of the CdX2-ligated QBs contained some dark spots or
blotches, which were most evident in the CdI2-ligated QBs (Figure 2.15 d). In our experience,
such image features often correspond to residual organic matter. We speculated that these may
derived from the trace quantities of primary amines remaining in the exchanged QBs. The
positioning of the spots on the QB surfaces suggested that the residual amine ligands may have
been bound on the outside of the CdX2-ligand shells rather than to the CdSe surface.
Significantly, the images confirmed that the QB morphologies were retained after the exchange
from L-type to Z-type ligation.

Figure 2.15. TEM images of as-synthesized {CdSe[n-octylamine]0.53} QBs (a), and after
exchange to CdCl2 (b), CdBr2 (c), and CdI2 ligation (d). Reprinted with permission from ref 18.

2.3.4 Structural Characterization of ZnX2-ligated CdSe QBs.
Exchange of L-type ligation in {CdSe[n-octylamine]0.53} to Z-type ZnX2 ligation (X = Cl, Br,
and I) was studied in the same manner as exchange to CdX2 ligation, described above.
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Absorption spectra of the exchanged CdSe QBs are given in Figure 2.16 b-d. As for CdX2
ligation, the absorption features of the QBs were reversibly shifted to lower energies, but by
smaller amounts (36 – 95 meV) than the corresponding shifts induced by CdX2 ligation (151 –
252 meV; see Figure 2.1). These smaller spectral shifts were consistent with the shifts induced
by Zn(oleate)2 ligation vs. Cd(oleate)2 ligation on these CdSe QBs, as previously reported.1

Figure 2.16. Absorption spectra of variously ligated CdSe QBs: with (a) n-octylamine (assynthesized {CdSe[n-octylamine]0.53}, (b) ZnCl2, (c) ZnBr2, (d) ZnI2. (e) The spectrum obtained
after back exchange from ZnBr2-ligated to n-octylamine-ligated CdSe QBs. The dotted lines
highlight the original positions of the first two peaks in (a). Reprinted with permission from ref
18.
The PL spectra of the ZnX2-ligated QBs (Figure 2.17) paralleled those of the CdX2-ligated
QBs (Figure 2.3). The PL intensity was largely quenched upon ZnX2 ligation. The weak PL
features present were shifted by amounts greater than the shifts observed in the absorption
spectra (Figure 2.16), suggesting larger apparent Stokes shifts (in the range of 17-27 nm, or 94153 meV) for ZnX2 ligation. The peak positions for the lowest-energy absorption and PL
features for the variously ligated CdSe QBs are tabulated in Table 2.6. Back exchange from
ZnX2 ligation to n-octylamine ligation restored the original peak position and much of the
intensity of the PL spectrum of as-synthesized {CdSe[n-octylamine]0.53} (Figures 2.18 and 2.5).
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Figure 2.17. PL spectra of variously ligated CdSe QBs: with (a) n-octylamine, (b) ZnCl2, (c)
ZnBr2, (d) ZnI2. Inset: spectra (b) – (d) with the vertical scale increased by 70×. Reprinted with
permission from ref 18.
Table 2.6 Absorption Maxima, Emission Maxima, and their Differences for Variously
Ligated CdSe QBs. Reprinted with permission from ref 18.
QB Specimen
{CdSe[n-octylamine]0.53}
{CdSe[CdCl2]x}
{CdSe[CdBr2]y}
{CdSe[CdI2]z}
{CdSe[n-octylamine]b}b
{CdSe[ZnCl2]l}
{CdSe[ZnBr2]m}
{CdSe[ZnI2]n}

λmax
(nm)
449±1
494±1
475±1
476±1
449±1
455±1
465±1
464±1

a

PL (nm)
453±1
499±1
477±1
482±1
453±1
482±1
482±1
481±1

Δ(nm)a
4±2
5±2
2±2
6±2
4±2
27±2
17±2
17±2

Δ is the difference in the absorption maximum of the lowest-energy peak (λmax) and the
emission maximum (PL).
b
Obtained by back exchange from {CdSe[CdBr2]y).
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Figure 2.18. PL spectra of as-synthesized {CdSe[n-octylamine]0.53} QBs (a, black), and noctylamine-ligated CdSe QBs, after back exchange from ZnBr2 ligation (b, green). Reprinted
with permission from ref 18.
IR spectra of the ZnX2-ligated QBs (Figure 2.19) were also consistent with those
obtained for the CdX2-ligated QBs (Figure 2.8). The spectra were nearly featureless, as expected
for removal of the n-octylamine ligation by the exchange process (Figure 2.19 b-d).

Figure 2.19. IR spectra of as-synthesized {CdSe[n-octylamine]0.53} QBs (a), after exchange to
ZnCl2 (b), ZnBr2 (c), and ZnI2 ligation (d), and after back exchange from CdBr2 to n-octylamine
ligation (e). Reprinted with permission from ref 18.
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XRD patterns of the ZnX2-ligated CdSe QBs are shown in Figure 2.20. The patterns again
confirmed that the wurtzite structure of the original {CdSe[n-octylamine]0.53} QBs (Figure 2.20
a) was retained after Z-type ligand exchange (Figure 2.20 b-d), and after back exchange to Ltype n-octylamine ligation (Figure 2.20 e). The lattice parameters and percent contractions in the
lattice parameters determined from the Figure-2.20 data for the ZnX2-ligated QBs are recorded in
Table 2.4. As for the CdX2-ligated QBs, the contractions in a were smaller than in the L-ligated
QBs, although the range of observed contractions was wider for ZnX2 ligation (1.6 – 3.5%) than
for CdX2 ligation (2.3 – 2.8%). As noted above, the contraction in a is relevant to the
absorption/emission shifts observed in L-type vs. Z-type ligated QBs.1

Figure 2.20. XRD patterns of variously ligated CdSe QBs: with (a) n-octylamine, (b) ZnCl2, (c)
ZnBr2, and (d) ZnI2. (e) The pattern obtained after back exchange from ZnBr2-ligated to noctylamine-ligated CdSe QBs. The three vertical line segments on the bottom scale mark the
100, 002, and 101 reflections in bulk (wurtzite) CdSe. The 002 reflection is absent in pattern (a)
because the as-synthesized {CdSe[n-octylamine]0.53} QBs are tightly bundled and preferentially
oriented to remove the 002 planes from the condition for diffraction.1 Reprinted with permission
from ref 18.
TEM images of the CdSe QBs are provided in Figure 2.21. As for the CdX2-ligated QBs
above (Figure 15 b-d), they were less tightly and uniformly bundled than the as-synthesized
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{CdSe[n-octylamine]0.53} QBs (Figure 15 a). The images confirmed that the QB, ribbon-like
morphologies were retained after the surface-exchange processes affording Z-type ZnX2 ligation.

Figure 2.21. TEM images of CdSe QBs after exchange to ZnCl2 (a), ZnBr2 (b), and ZnI2 ligation
(c). Reprinted with permission from ref 18.

2.4 Discussion
2.4.1 L- to Z-type Ligand Exchange with M(oleate)2, M = Cd and Zn.
The present results employing cadmium and zinc halides as Z-type ligands supports and
extends our prior study of cadmium and zinc oleates as Z-type ligands.1 Those results are
summarized here to allow comparisons.
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Exposure of {CdSe[n-octylamine]0.53} QBs to cadmium or zinc oleate resulted in the rapid and
complete exchange of the L-type n-octylamine ligands for Z-type M(oleate)2 ligands (M = Cd,
Zn). These surface exchanges were accompanied by shifts in the absorption spectra like those
observed here (Figures 2.12 and 2.16), but were somewhat smaller in magnitude. As in the
present results, the shifts induced by Zn(oleate)2 ligation were smaller than those induced by
Cd(oleate)2 ligation. We return to this point below. As in the results reported here, the Z-type
M(oleate)2 ligation was rapidly and completely reversed upon exposure of the Z-ligated CdSe
QBs to L-type n-octylamine or oleylamine ligands.
The surface exchanges between primary amine and M(oleate)2 ligation were characterized by
IR spectroscopy, low-angle XRD, and elemental analyses.1 The elemental-analysis data
determined the stoichiometry of ligand binding to the CdSe QBs, and allowed surface-structure
models to be proposed.1 The broad top and bottom surfaces of the QBs are nonpolar (11 2 0)
facets, which (if unreconstructed) consist of alternating ridges and valleys forming a corduroylike pattern running parallel to the crystallographic z axis of the wurtzite structure, and the long
dimension of the QBs (Figure 2.22 a). Each ridge and valley contains a zig-zagging (-Cd-Se-CdSe-)n chain running along its length. The Cd and Se atoms in valley positions are tetrahedrally
coordinated by lattice atoms, and sterically shielded by the adjacent ridges. In contrast, the Cd
and Se atoms in ridge positions are (nominally) three coordinate and sterically unsaturated. The
long, thin, side-wall edges of the QBs are also nonpolar, and similarly have half of their Cd-Se
dimer units in 4-coordinate valley positions, and half in 3-coordinate ridge positions. We
proposed that surface ligation involved only the coordinatively unsaturated surface Cd and Se
atoms in the ridge positions.1
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The empirical formula determined for the L-type {CdSe[n-octylamine]0.53} QBs was
consistent with a surface-structural model in which an amine ligand is bound to each surface Cd
atom and Se atom in a 3-coordinate ridge position, in the former by a normal dative-bond
interaction, and in the latter in a hydrogen-bond-like interaction (Figure 2.22 b). The reasoning
for that structural assignment was discussed extensively in the prior report.1 Similarly, the
empirical formula determined for the Z-type {CdSe[Cd(oleate)2]0.19} QBs was consistent with
the binding of one Cd(oleate)2 unit per surface Se atom in a ridge position, which we suggested
to adopt bridging positions between adjacent Se atoms (Figure 2.22 c). The stoichiometries of the
MX2-ligated QBs studied here will be analyzed in comparison to these surface-structure models
below.

Figure 2.22. Proposed surface structures of CdSe QBs. (a) View of a broad top (or bottom) facet
with the valley atoms shaded. (b) View of an amine-ligated (L-type) QB top facet, with blue
dots representing amine ligands bound to each ridge Cd and Se atom (see ref. 1). (c) View of a
Cd(carboxylate)2-ligated (Z-type) QB top facet, with gray dots (with black outlines) representing
ligand-derived Cd atoms bound in a 1:1 ratio to ridge Se atoms (in a bridging manner).1
Reprinted with permission from ref 18.
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We previously determined that the spectral shifts occurring with exchange of L-type for Ztype ligation consisted of two contributions.1 The first is a change in the strain state of the QBs
upon surface exchange. L-type amine ligation induced a greater compressive strain (3-4%
contraction in a) on the QBs than was found for Z-type M(oleate)2 ligation (1-2% contraction in
a). The strain measured by contraction of the lattice parameter a is relevant because only a (and
not c) has a component in the quantum-confined thickness dimension of the QBs. We derived a
simple expression for the magnitude of the spectral shift expected upon a measured change in the
strain state of the QBs, eq 2, where ΔEstrain is the expected spectral shift in energy units, α is the
band-gap pressure coefficient of the semiconductor, Δε is the change in the strain measured by
XRD, and Y is Young’s modulus for the semiconductor.1
ΔEstrain = α(Δε)Y
(2)
Interestingly, the spectral shifts induced by exchange of amine ligation for Zn(oleate)2
ligation of CdSe QBs and CdS quantum platelets were fully consistent with eq 2, indicating that
changes in the strain states alone were sufficient to produce the observed spectral shifts.1
However, the shifts induced by exchange of amine ligation for Cd(oleate)2 ligation of CdSe QBs
and CdS quantum platelets were larger than those induced by Zn(oleate)2 ligation, and larger
than those predicted by eq 2. In these cases, we assigned the balance of the observed shifts to an
increase in the effective thickness of the QBs achieved by electronic coupling of the Cd(oleate)2derived, surface-bound Cd atoms to the CdSe and CdS lattices. Addition of surface Cd atoms
through Z-type ligation extended the crystal lattice, whereas addition of surface Zn atoms did
not. Thus, both changes in strain and confinement dimensionality contributed to the observed
spectral shifts for Cd(oleate)2 ligation.
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2.4.2 Surface Coverage in Z-type CdX2 ligation.
The stoichiometry and coverage of CdX2 on the surfaces of the CdSe QBs may be analyzed
from the elemental-analysis data and the structural characteristics of the CdX2 compounds.
Views from the crystal structure of CdCl2 are given in Figure 2.23.7 CdBr2 is isostructural to
CdCl2, and the structure of CdI2 is closely related.7 These compounds exhibit classic layered
structures consisting of CdX2 monolayers separated by van der Waals gaps.
We do not expect the precise monolayer structure depicted in Figure 2.23 to be retained upon
CdX2 bonding to the CdSe surface, as the Cd atoms coordinate to surface Se atoms in Z-type
ligation, which requires rearrangement of the anion coordination environment about Cd. Even so,
metrics derived from the CdX2 crystal structures should provide reasonable estimations of the
areas occupied by CdX2 formula units on the CdSe QB surfaces. The area occupied by a CdX2
formula unit from the monolayer structure in Figure 2.23a is (31/2/2)a2, where a is the lattice
parameter taken from the hexagonal crystal structures of CdX2.7 These calculations yield 12.86,
13.51, and 15.57 Å2/CdX2 for CdCl2, CdBr2, and CdI2, respectively. In comparison, the area
occupied by a CdSe formula unit on the nonpolar (11 2 0) top and bottom QB facets1 is 13.06
Å2/CdX2. We use these relative areas to analyze the stoichiometry of Z-type ligation in terms of
CdX2 monolayers.
As noted previously, the CdSe QBs have a discrete thickness of 1.8 nm or 5 CdSe
monolayers, such that 40% of the CdSe formula units lie either on the broad top or bottom
facets.1 An additional 12% of the CdSe units lie on the long, thin, QB edges. Using the relative
formula areas determined above, and the fraction of CdSe units lying on the QB surfaces, one
monolayer of CdCl2 placed on the top, bottom, and edge facets produces a stoichiometry of
{CdSe[CdCl2]0.53}. This analysis is ignorant of the actual CdCl2 bonding modes to the QB
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surfaces, which are unknown, and ignores the vanishingly small QB end facets, which do not
affect the stoichiometric estimate.

Figure 2.23. Views from the crystal structure of CdCl2.7 (a) A view of the layered structures
from the monolayer edges. (b) A view perpendicular to a monolayer plane. Reprinted with
permission from ref 18.
The experimentally determined stoichiometry of {CdSe[CdCl2]1.23±0.03} thus suggests a
coverage of about two CdCl2 monolayers on the CdSe QBs. A similar calculation yields a
stoichiometry of {CdSe[CdBr2]0.50} for a monolayer of CdBr2 coverage. Again, the experimental
stoichiometry of {CdSe[CdBr2]1.03±0.01} suggests two monolayers of CdBr2 coverage. Finally, a
stoichiometry of {CdSe[CdI2]0.44} is predicted for a monolayer of CdI2 coverage, which is
remarkably close to the experimental stoichiometry of {CdSe[CdI2]0.42±0.01}. Apparently, CdCl2
and CdBr2 bind to the CdSe QBs with two monolayers of surface coverage, whereas CdI2 binds
with only one.
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2.4.3 Contributions to the Ligation-Dependent Spectral Shifts.
As for the Z-type M(oleate)2 ligation discussed above, we may divide the spectral shifts
observed upon exchange of L-type amine ligation for Z-type MX2 ligation into two components.
The first is the spectral red shift due to the change in the strain state of the CdSe QBs upon
exchange of L-type to Z-type MX2 ligation, as calculated from the experimental lattice
parameters a, and eq 2. The second is the change in the effective thickness upon addition of Cd
atoms from CdX2 to the top and bottom QB surfaces, which electronically couple to and
therefore extend the crystal lattice in the confinement dimension.
The spectroscopic energy shifts accompanying ligand exchange are recorded in Table 2.7.
These are the shifts in the lowest-energy absorption features, relative to the shift observed for Ltype n-octylamine ligation. The component of the shift due to the change in the QB strain state
determined from differences in the a contractions (Table 2.4) and eq 2 are listed under ΔEstrain.
These strain-related shifts are closely comparable in magnitude to those we previously reported
for Cd(oleate)2 and Zn(oleate)2 ligation.1
The residual component (ΔEstrain) in Table 2.7 is obtained by subtracting ΔEstrain from the
experimental spectroscopic energy shift. For CdX2 ligation, this component is assigned to an
increase in the thickness dimension due to the coordination of ligand-based Cd atoms to surface
Se atoms on the QBs. We previously argued (for Cd(oleate)2 ligation) that such Cd atoms bind
(in a 1:1 ratio) to the Se atoms in ridge positions and normal lattice positions, thus extending the
lattice thickness by approximately a half monolayer.1 Because extension of the QB thickness by
a complete CdSe monolayer, from 5 to 6 monolayers, induces a spectral shift of 360 meV, we
proposed that a half monolayer (of only Cd atoms) should produce a shift on the order of 180
meV.1 Presuming that the CdX2 ligand layers are similarly anchored to the Se atoms in the
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surface, ridge positions, and that only those ligated Cd atoms are electronically coupled to the
CdSe crystal lattice, we similarly predict a thickness-related shift on the order of 180 meV. The
ΔEresidual values for CdX2 ligation (Table 2.7), ranging from 101 – 207 meV are clearly of the
expected magnitude. For comparison, the ΔEthickness observed for Cd(oleate)2 ligation is 87 meV.1
Table 2.7. Spectroscopic Energy Shifts Separated into Strain (ΔEstrain) and Residual
(ΔEresidual) Components.a Reprinted with permission from ref 18.
QB specimen
{CdSe[n-octylamine]0.53}
{CdSe[CdCl2]1.23}
{CdSe[CdBr2]1.03}
{CdSe[CdI2]0.42}
{CdSe[ZnCl2]l}
{CdSe[ZnBr2]m}
{CdSe[ZnI2]n}

spectroscopic
energy shift
(meV)b
0
252 ± 12
151 ± 12
157 ± 12
36 ± 12
95 ± 12
89 ± 12

ΔEstrain
(meV)c

ΔEresidual
(meV)d

0
45 ± 4
45 ± 4
56 ± 4
30 ± 4
45 ± 4
71 ± 4

0
207 ± 16
106 ± 16
101 ± 16
6 ± 16
50 ± 16
18 ± 16

a

For CdX2 ligation the residual component is assigned to extension of the crystal lattice in the
thickness dimension; see the text. bDetermined from the λmax values in Table 2, relative to the
lowest-energy λmax in the spectrum of the n-octylamine-ligated QBs. cCalculated from eq 2.
d
The difference in the spectroscopic energy shift and ΔEstrain.
The observed ΔEresidual components for ZnX2 ligation (Table 2.7) are smaller than those for
CdX2 ligation, and fall in the range of 6 – 50 meV. Even so, these ΔEresidual values are larger than
we expected, especially the 50 meV for ZnBr2 ligation. In our previous study, Zn(oleate)2
ligation of CdSe QBs and CdS quantum platelets resulted in no measurable ΔEresidual
components; the observed spectral shifts were consistent with the changes in the strain states
alone.1 We argued that the surface-bound Zn atoms from the Zn(oleate)2 ligands did not
electronically couple to the CdSe and CdS lattices, and therefore did not increase the effective
thicknesses of the 2D nanocrystals. The small residual components observed here, if real,
presumably have another origin.
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2.4.4 Halometallate vs. Metal-Halide Ligation.
Semiconductor-nanocrystal ligation by anionic halometallate species, such as CdX3- and
PbX3-, has been previously studied.8-12 Such ligation may be formed directly from halometallates
[A+{MX3}-], or from neutral metal halides, which undergo self-ionization to [{MXn-1}+{MXn+1}] prior to surface adsorption. The halometallate ligation produces negatively charged
nanocrystals, as evidenced by highly negative ξ potentials.8,9 Nanocrystal dispersion requires
highly polar solvents like N-methylformamide to solvate the A+ or {MXn-1}+ countercations, and
to thus afford colloidal stability. The halometallate species are thought to bind to the nanocrystal
surfaces via L-type dative bonds employing the halide lone pairs,8 although the overall negative
ligand charges may create ambiguity as to whether halometallates should be considered as Ltype or X-type ligation.5,13
The characteristics just described for halometallate ligation contrast starkly with those for
metal-halide (MX2) ligation reported here. The exchange reactions forming the MX2-ligated
CdSe QBs from the n-octylamine-ligated QBs are conducted in methanol or toluene-methanol
mixtures. The resulting MX2-ligated QBs are dispersible in toluene; the resulting dispersions are
stable for 10-20 min. Thus, highly polar solvents like N-methylformamide are not required to
stabilize charged nanocrystals and their counterions. Moreover, the very large observed spectral
shifts upon CdX2 ligation, of up to 252 meV, confirm the coordination of Lewis-acidic ligand Cd
atoms to QB surface Se atoms, thus extending the CdSe crystal lattices. These results require
coordination of the MX2 units as neutral-acceptor, Z-type ligands, in contrast to the L-type (or Xtype) ligation of the halometallates. We suspect that halometallate-ligation of the CdSe QBs
could be achieved under different conditions than those employed here, and will be pursued in
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the future. In the present work, Z-type ligation with neutral MX2 acceptor species has been
demonstrated.

2.5 Conclusion
L-type {CdSe[n-octylamine]0.53} QBs undergo facile, reversible surface ligation exchange
with Z-type MX2 ligands (M = Cd, Zn; X = Cl, Br, I). Upon CdX2 ligation, these exchanges
produce reversible shifts in the absorption (extinction) spectra of 150 – 250 meV, which
correlate with changes in the strain states of the QBs, and with extension of the effective
thickness dimension by surface coordination of ligand-derived Cd atoms. ZnX2 ligation produces
smaller reversible spectral shifts because surface-bound Zn atoms do not strongly electronically
couple to the CdSe lattice. The results reported here closely parallel those we recently reported
for Z-type M(oleate)2 ligation (M = Cd, Zn), and demonstrate the generality of reversible L- for
Z-type ligand exchange on wurtzite CdSe QBs.1
Moreover, the present results show that treatment of semiconductor nanocrystals with metal
halides under appropriate conditions results in their surface ligation as neutral-acceptor, Z-type
ligands, rather than as L-type or X-type halometallates. Because treatment of quantum-dot solids
with neutral metal halides (such as PbI2 and CdCl2) enhances the stability and performance of
nanocrystal solar cells,14-17 Z-type ligation of metal halides as neutral acceptors may likely have
a role in those enhancements.
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Chapter 3
Interchange of L-, Z-, and Bound-Ion-Pair XType Ligation on Cadmium Selenide
Quantum Belts
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3.1 Introduction
In this chapter, we report formation of bound-ion-pair X-type ligation (Scheme 3.1) on CdSe
quantum belts (QBs) by surface-exchange reactions with the simple salts AX, where A = NR4 or
Na, and X = OH, Cl, Br, NO3, benzoate (OBz), acetate (OAc) or deprotonated D- and Lphenylalanine (Phe). Bound-ion-pair X-type ligation and the attendant electric-double-layer
stabilization of nanocrystals have been previously demonstrated.1-8 However, the characteristics
of bound-ion-pair X-type ligation, its comparison to Z-type (neutral Lewis acid) and L-type
(neutral Lewis base) ligation, and its exchangeability with Z- and L-type ligation have been
studied only recently,7,8 and are not yet well understood. We demonstrate here the facile,
complete interchange among bound-ion-pair X-type, Z-type, and L-type ligation. We also show
that AX ligation on CdSe QBs consists of at least two populations of AX ligands; a
comparatively larger fraction is weakly bound and readily removed, whereas a smaller fraction is
more strongly bound and persistently retained. The results provide insights into the purposeful
post-synthetic control of nanocrystal surfaces.
Control of surface chemistry9-16 and post-synthetic modification13,15,17-20 are at the forefront
of nanocrystal science. Surface ligation sensitively determines light emission from,21-24 bandedge energies in,25-27 the catalytic properties of,9,27 charge extraction and transport10-12,16,28,29
from, and even the core stoichiometries30 of semiconductor nanocrystals. Because nanocrystal
syntheses are optimized with specific ligands or mixtures of ligands, post-synthetic ligation
exchange becomes critical to inducing specific nanocrystal properties and facilitating
applications. Thus, the extent and reversibility of ligand exchanges, the ability to exchange
between different ligation modes (L-, Z-, and X-type),8,13,24,30 and the effects of ligand exchanges
on nanocrystal-lattice compositions24,30 require precise characterization.
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Scheme 3.1. Classification of Nanocrystal Ligation30,31 Reprinted with permission from ref
53.

This study examines the putative exchange reactions employing salts AX as shown in
Scheme 3.2c and d. To summarize the results, AX salts are incapable of displacing L-type amine
ligation. However, AX salts do displace Z-type ligation. The magnitudes of the AX coverage in
the initially exchanged materials are comparable to the coverages previously established for Ltype n-octylamine ligation.32 However, a significant component of the AX ligation is easily
washed away, leaving a smaller, robust AX component comparable to the coverages previously
established for Z-type Cd(oleate)2 ligation.32 Bound-ion-pair AX ligation is readily back
exchanged to L-type and Z-type ligation. Except for L-type to AX ligation, all of other
exchanges between L-, Z-, and X-type ligation are shown to be rapid, complete, and reversible,
and leave the CdSe nanocrystal lattice intact. The spectroscopic, structural, and compositional
aspects of these exchange processes are explored in this chapter.
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Scheme 3.2. Ligation Exchanges in Wurtzite CdSe QBs Either Demonstrated
Previously8,30,32-34 or Investigated in the Present Work. Reprinted with permission from ref
53.

3.2 Experimental Section
3.2.1 Materials and General Procedures
The {CdSe[n-octylamine]0.53} and {CdSe[Cd(oleate)2]0.19} QBs were prepared as previously
reported (see also below).32,35 A stock solution of Cd(oleate)2 in 1-octadecene was prepared by a
prior method.32 Tetrabutylammonium hydroxide solution (40% by wt. in water), sodium
hydroxide (ACS Reagent, ≥ 97%,), sodium chloride (ACS Reagent, ≥ 99%),
tetraoctylammonium chloride ( ≥ 97%), tetraoctylammonium bromide (98%), sodium nitrate ( ≥
99%), sodium benzoate (ReagentPlus, 99%) , n-octylamine (99%), methanol (ACS Reagent, ≥
99.8%), and toluene (ACS Reagent, ≥99.5%) were obtained from Sigma Aldrich. Sodium
acetate (≥ 99%) was obtained from Fisher Scientific Company. Sodium bromide (analytical
reagent) came from Mallinckrodt. All reagents were used as received without additional
purification. TEM sample grids (Cu with holey carbon film) were obtained from Ted Pella, Inc.
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3.2.2 Characterization Methods
UV-visible spectra were obtained from a Perkin Elmer Lambda 950 UV/Vis spectrometer or
a Varian Cary 100 Bio UV-visible spectrophotometer. Photoluminescence (PL) spectra were
collected using a Varian Cary Eclipse fluorescence spectrophotometer. XRD patterns were
obtained from a Bruker d8 Advance X-ray Diffractometer with Cu Kα radiation (λ = 1.541845
Å) and the Bruker Diffrac Eva software program. The XRD samples were prepared by casting
concentrated sample precipitates onto a silicon sample holder and dried in fume hood. TEM
images were obtained from a JEOL 2000FX microscope operating at 200 kV. TEM samples
were prepared by dipping TEM grids into a toluene dispersion (5-6 mL) of a purified specimen,
and immediately removed to allow evaporation of the solvent. IR spectra were obtained from a
Perkin Elmer Spectrum BX FT-IR System. Elemental analyses (Table 4; C, H, N, and X) were
obtained from Galbraith Laboratories, Inc. (Knoxville, TN) using combustion-based methods.
Circular dichroism measurements were conducted with Jasco J-715 CD spectrometer in a 3 mL
quartz cylindrical cell under a N2 flow of 5−8 L min−1 at room temperature. All the samples were
diluted to peak absorbance of 0.24 O.D.
Table 3.1. Elemental Analysis Data for AX-ligated CdSe QBs. Reprinted with permission
from ref 53.
CdSe[OH]0.35[n-Bu4N]0.40
Calcd
.61[CdBr2]0.01}
Found
CdSe[OH]0.04[n-Bu4N]0.04
Calcd
Found
CdSe[Cl]0.50[R4N]0.29
amine]
Calcd
0.08}
Found
CdSe[Cl]0.81[R4N]0.47
Calcd
amine]
0.08}
Found

C (%)

H (%)

N (%)

X (%)

26.78
26.81

5.20
4.86

1.95
1.82

N/A
N/A

C (%)

H (%)

N (%)

X (%)

3.81
4.01
C (%)
32.36
32.14
C (%)
41.10
41.29

0.74
0.69
H (%)
5.77
5.99
H (%)
7.33
7.50

0.28
<0.5
N (%)
1.18
1.47
N (%)
1.50
1.49

N/A
N/A
Cl (%)
5.14
5.12
Cl (%)
6.53
6.52
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CdSe[Cl]0.27[R4N]0.03
amine]0.61
[CdBr2]0.01}
Calcd
Found
CdSe[Cl]0.16[R4N]0.18
Calcd
Found
CdSe[Cl]0.35[Na]0.35
amine]
Calcd
0.08}
Found
CdSe[Cl]0.24[Na]0.24
Calcd
Found
CdSe[Br]0.52[R4N]0.36
amine]
0.08}
Calcd

C (%)
5.36
5.32
C (%)
24.61
24.36
C (%)
0
6.88
C (%)
0
5.26
C (%)

H (%)
0.96
0.84
H (%)
4.39
4.28
H (%)
0
1.14
H (%)

N (%)
0.20
0.53
N (%)
0.90
0.89
N (%)
0
1.00
N (%)

Cl (%)
4.45
4.51
Cl (%)
2.14
2.10
Cl (%)
5.86
5.60
Cl (%)

0
0.89
H (%)

0
<0.5
N (%)

4.14
4.02
Br (%)

Found
CdSe[Br]0.22[R4N]0.22
amine]
Calcd
0.08}
Found
CdSe[Br]0.21[R4N]0.04

34.40
33.95
C (%)
27.13
26.79
C (%)

6.15
6.09
H (%)
4.84
4.82
H (%)

1.26
1.46
N (%)
0.99
1.03
N (%)

10.36
10.40
Br (%)
5.64
5.31
Br (%)

Calcd
Found
CdSe[Br]0.06[R4N]0.03

6.78
6.82
C (%)

1.21
1.03
H (%)

0.25
0.61
N (%)

7.40
7.53
Br (%)

Calcd
Found
CdSe[Br]0.63[Na]0.63

5.49
5.67

0.91
0.88

0.20
<0.5

2.28
2.43

C (%)

H (%)

N (%)

Br (%)

Calcd
Found
CdSe[Br]0.09[Na]0.09
amine]
Calcd
0.08}
Found
CdSe[Br]0.06[Na]0.06

0
5.88
C (%)
0
1.11
C (%)

0
1.40
H (%)
0
<0.5
H (%)

0
0.51
N (%)
0
<0.5

Calcd
Found
CdSe[NO3]0.21[Na]0.21
[CH3OH]0.65[C7H8]0.65a

0
2.12

0
<0.5

N (%)
0
<0.5

19.65
19.13
Br (%)
3.58
3.69
Br (%)

C (%)

H (%)

N (%)

X (%)

2.43
2.55

Calcd
amine]0.61[CdBr2]0.01}
Found
CdSe[NO3]0.09[Na]0.09
[CH3OH]0.45[C7H8]0.45a

21.54
21.10

2.71
3.00

1.01
1.04

N/A
N/A

C (%)

H (%)

N (%)

X (%)

Calcd
Found
[

16.96
16.75

2.14
2.51

0.49
<0.5

N/A
N/A
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CdSe[OBz]1.56[Na]1.56
amine]
0.08}
Calcd
Found
CdSe[OBz]0.09[Na]0.09
Calcd0.08}
amine]
Found
CdSe[OAc]3.86[Na]3.86

C (%)
31.51
31.36
C (%)
3.70
3.95
C (%)

H (%)
1.89
2.10
H (%)
0.22
<0.5
H (%)

Calcd
Found
CdSe[OAc]0.41[Na]0.41

18.25
18.14
C (%)

2.30
2.33
H (%)

Calcd
Found

4.38
4.31

0.55
0.61

N (%)
0
<0.5
N (%)
0
<0.5
N (%)
0
<0.5
N (%)
0
<0.5

X (%)
N/A
N/A
X (%)
N/A
N/A
X (%)
N/A
N/A
X (%)
N/A
N/A

a

These samples were prepared for analysis in the same manner as all other samples (solvent
removed in vacuo for several h), yet persistently retained a 1:1 MeOH:toluene solvate, which
matched the composition of the solvent exposure.

3.2.3 Preparation of Stock Mixture of {CdSe[n-octylamine]0.53} QBs.
The synthesis of {CdSe[n-octylamine]0.53} QBs was conducted on the same scale as that
previously reported (0.27 mmol of Cd(OAc)2·2H2O and 0.47 mmol of selenourea).35 The yellow
dispersion obtained after TOP addition was stored in small vials in glovebox at room temperature
for future use.

3.2.4 Preparation of {CdSe[Cd(oleate)2]0.19} QBs.
The {CdSe[Cd(oleate)2]0.19} QBs were freshly prepared immediately prior to their use in each
exchange reaction. Generally, 10% of the {CdSe[n-octylamine]0.53} QB stock mixture
(corresponding to 0.03 mmol of CdSe) was converted to {CdSe[Cd(oleate)2]0.19} QBs by the
published procedure.32 After washing,32 the {CdSe[Cd(oleate)2]0.19} QBs were obtained as a
bright yellow solid. The full amount (corresponding to 0.02 mmol of CdSe) was then used for
each exchange reaction.
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3.2.5 Preparation of Stock AX Solutions.
The AX solutions were prepared at 0.2 M, with the exception of the NaOH solution, which
was prepared at 0.6 M. The requisite mass of solid AX (40 – 440 mg) was combined with
methanol (4 – 10 mL) and the mixture sonicated to fully dissolve the solid (5–15 min).

3.2.6 Surface Exchange of {CdSe[Cd(oleate)2]0.19} QBs with AX.
An AX solution (generally 4 – 10 mL) was added dropwise to freshly prepared
{CdSe[Cd(oleate)2]0.19} QBs (0.02 mmol), as a solid or dispersed in toluene (1 mL), until the
maximum shift of the absorption spectrum was achieved. An instantaneous color change was
observed in all cases. The resulting {CdSe[X]x[A]x} QBs with saturated AX coverage were
collected by centrifugation (2000 rpm, 3 min) of the reaction mixture. The {CdSe[X]y[A]y} QBs
with depleted AX coverage were obtained by three cycles of redispersion of the saturated
{CdSe[X]x[A]x} QBs in toluene/methanol (3 mL of each) and centrifugation. A final cycle of
redispersion/centrifugation was conducted with toluene (4 mL).
Trial exchange reactions for spectroscopic monitoring were conducted in quartz cuvettes (1
cm path length) with smaller amounts of {CdSe[Cd(oleate)2]0.19} QBs (0.001 mmol). The
{CdSe[Cd(oleate)2]0.19} QBs were dispersed in toluene (2 mL), and the AX solutions were added
dropwise (10 μL drops) by microsyringe.

3.2.7 Surface Exchange of {CdSe[Cd(oleate)2]0.19} QBs with [n-Bu4N]OH.
Freshly prepared {CdSe[Cd(oleate)2]0.19} QBs (0.02 mmol) were dispersed in toluene (2 mL).
A [n-Bu4N]OH solution (40% by wt. in water, 1.5 M) was added dropwise to until the maximum
shift of the absorption spectrum was achieved (< 1 mL in total was required). The surfaceexchanged QBs were isolated using the procedure described above for the other AX salts.
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3.2.8 Back Exchange of {CdSe[A]x[X] x} QBs to {CdSe[n-octylamine]b} QBs.
Back exchange was conducted using either the saturated or depleted {CdSe[X]x[A]x}
precipitates. The {CdSe[X]x[A]x} QBs were dispersed in toluene (2 ml) and n-octylamine (2 mL)
was added to the dispersion, converting the deeper yellow solution to a pale yellow color
immediately upon mixing. Subsequent analyses were conducted after purification by two or three
centrifugation-redispersion cycles with toluene (4 mL each cycle).

3.2.9 Back Exchange of {CdSe[A]x[X] x} QBs to {CdSe[Cd(oleate)2]d} QBs.
Back exchange was conducted using either the saturated or depleted {CdSe[X]x[A]x}
precipitates. The {CdSe[X]x[A]x} QBs were dispersed in toluene (2 ml) and the Cd(oleate)2 (1
mL of 0.11 M solution in 1-octadecene) was added to the dispersion, converting the deeper
yellow solution to a bright yellow color immediately upon mixing. Subsequent analyses were
conducted after purification by two or three centrifugation-redispersion cycles with toluenemethanol mixture (4 mL of toluene, 2 mL of methanol each cycle).

3.2.10 Surface Exchange of {CdSe[n-octylamine]0.53} QBs with MX2 (M = Cd,
Zn; X = Cl, Br, I).
The ligand exchange process was conducted as previously reported.33

3.2.11 Surface Exchange of {CdSe[MX2]z} QBs with AX.
The method employed was the same as that described for exchange of {CdSe[Cd(oleate)2]0.19}
QBs to AX-ligated QBs.
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3.3 Results
3.3.1 Failure of L-type to AX Ligation Exchange
We previously established that L-type n-octylamine ligated CdSe QBs undergo facile surface
exchange to Z-type and bound-ion-pair X-type ligation according the Scheme 3.2a and b,
respectively.32,33 Consequently, we examined the viability of exchange of the L-type passivation
to bound-ion-pair X-type ligation on the CdSe QBs, by room-temperature addition of methanolic
solutions of AX salts, where A = NR4 or Na, and X = OH, Cl, Br, NO3, benzoate (OBz), and
acetate (OAc).
The {CdSe[n-octylamine]0.53} QBs have a sharp absorption (extinction) spectrum, with the
lowest-energy feature at 449 nm. We previously demonstrated that ligand exchange on these
CdSe QBs was accompanied by a significant shift of the absorption spectrum.32,33 However, no
spectral shifts were observed upon addition of eight AX salts to the n-octylamine ligated CdSe
QBs (Figure 3.1). As each of these salts produced a spectral shift after successful ligand
exchange by a different process, the results established that simple AX salts (with one exception
discussed below) were incapable of displacing L-type ligation under the conditions investigated.
Thus, ligand exchange in Scheme 3.2d generally did not occur in the forward direction.

59

Figure 3.1. Absorption spectra of {CdSe[n-octylamine]0.53} QBs after attempted exchange with
AX salts. Note that each spectrum corresponds to that of {CdSe[n-octylamine]0.53} QBs,
confirming the failure of the exchange experiments. (a) starting {CdSe[n-octylamine]0.53} QBs;
attempted exchange with (b) [n-Bu4N]OH, (c) [(n-octyl)4N]Cl, (d) NaCl, (e) [(n-octyl)4N]Br, (f)
NaBr, (g) NaOAc, (h) NaNO3, (i) NaOBz. Reprinted with permission from ref 53.

3.3.2 Cd(oleate)2 to AX to L-type Ligation Exchange.
The potential AX-exchange behavior of Z-type {CdSe[Cd(oleate)2]0.19} QBs was also
investigated. The Z-type-ligated CdSe QBs (in toluene) were titrated with an aqueous solution of
[n-Bu4N]OH to achieve a maximum spectral shift. The lowest-energy feature in the absorption
spectrum of {CdSe[Cd(oleate)2]0.19} at 472 nm (Figure 3.2a) shifted to 512 nm upon [nBu4N]OH addition (Figure 3.2b). Subsequent addition of n-octylamine shifted the absorption
features to the positions consistent with {CdSe[n-octylamine]0.53} QBs (Figure 3.2c). The
ligation exchange was also conducted with a methanolic solution of [n-Bu4N]OH, giving the
same spectral shifts.
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The spectral-shift difference between the lowest-energy features of {CdSe[n-octylamine]0.53}
(450 nm) and {CdSe[OH]x[n-Bu4N]x} (512 nm) at 340 meV was the largest we have observed
between variously ligated CdSe QBs. The spectroscopic data were consistent with the formation
of bound-ion-pair X-type ligation with [n-Bu4N]OH by Scheme 3.2c, and then its conversion to
L-type amine ligation by Scheme 3.2d.

Figure 3.2. Absorption spectra collected from CdSe QBs corresponding to ligation exchanges
from Z to AX to L type. (a) starting {CdSe[Cd(oleate)2]0.19} QBs; (b) {CdSe[OH]x[n-Bu4N]x}
QBs formed by addition of [n-Bu4N]OH to the specimen in a; (c) {CdSe[n-octylamine]0.53} QBs
formed by addition of n-octylamine to the specimen in b. Reprinted with permission from ref 53.
The IR spectrum of the starting {CdSe[Cd(oleate)2]0.19} QBs is recorded in Figure 3.3a. The
characteristic asymmetric and symmetric CO2 stretches corresponding to the carboxylate ligands
were observed as expected (at 1536 and 1412 cm-1, respectively). Upon addition of [n-Bu4N]OH
to {CdSe[Cd(oleate)2]0.19}, the ligand-exchanged material was collected after centrifugation and
removal of the supernatant. The IR spectrum of this material (Figure 3.3b) contained a prominent
OH feature at 3380 cm-1, and other features corresponding to the [n-Bu4N]+ counterion (see
Figure 3.4 for assignments). The IR spectrum obtained after washing the centrifuged material
with a toluene-methanol mixture was greatly attenuated (Figure 3.3c), suggesting that the
61

washing step had removed significant amounts of [n-Bu4N]OH from the {CdSe[OH]x[n-Bu4N]x}.
Combustion-based elemental analyses obtained before and after washing confirmed that
conclusion (results discussed below). Analysis by energy-dispersive X-ray spectroscopy (EDS)
in the TEM confirmed a 1:1 Cd:Se ratio in the [n-Bu4N]OH-ligated QBs, as in the other AXligated QBs to be discussed later, and in the n-octylamine ligated QBs. Thus, the washing step
did not leach Cd from the QBs, nor remove the X-type ligands in the form of CdX2.

Figure 3.3. IR spectra collected from CdSe QBs corresponding to ligation exchange from Z to
AX type. (a) starting {CdSe[Cd(oleate)2]0.19} QBs (arrows identify the characteristic CO2
stretches); (b) {CdSe[OH]x[n-Bu4N]x} QBs upon precipitation; (c) {CdSe[OH]x[n-Bu4N]x} QBs
after washing with toluene-methanol. Reprinted with permission from ref 53.
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Figure 3.4. IR spectra of (a) [n-Bu4N]PF6 and (b) [(n-octyl)4N]Cl, provided for assignment of
the features of the [NR4]+ ions. Both ions exhibit C-H stretches in the region of 3010 – 2780 cm1
, and CH2 and CH3 bending vibrations at 1460 and 1380 cm-1, respectively. Small features in
the region of 3670 – 3400 are O-H stretching vibrations due to trace amounts of water. Reprinted
with permission from ref 53.
A parallel set of ligation-exchange experiments was conducted with {CdSe[Cd(oleate)2]0.19}
QBs and either aqueous or methanolic NaOH, having the same X group but a different countercation than [n-Bu4N]OH. Exchange from Z to AX-type ligation again produced a dramatic
spectral shift; in these cases the lowest-energy feature in {CdSe[Cd(oleate)2]0.19} (472 nm)
titrated to a maximum shift of 506 nm in {CdSe[OH]x[Na]x} (Figure 3.5b), close but not
identical to the shift observed for {CdSe[OH]x[n-Bu4N]x} (512 nm; see Figure 3.2b).
Subsequent addition of n-octylamine again shifted the absorption features to the positions
consistent with {CdSe[n-octylamine]0.53} QBs (Figure 3.5c).
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Figure 3.5. Absorption spectra collected from CdSe QBs corresponding to ligation exchanges
from Z to AX to L type. (a) starting {CdSe[Cd(oleate)2]0.19} QBs; (b) {CdSe[OH]x[Na]x} QBs
formed by addition of methanolic NaOH to the specimen in a; (c) {CdSe[n-octylamine]0.53} QBs
formed by addition of n-octylamine to the specimen in b. Reprinted with permission from ref 53.
The IR spectrum of {CdSe[OH]x[Na]x} QBs as centrifuged from the exchange mixture
(Figure 3.6b) contained a prominent OH feature, as expected. The corresponding IR spectrum
obtained after washing {CdSe[OH]x[Na]x} QBs with a toluene-methanol mixture (Figure 3.6c)
again suggested that a component of the AX ligation was washed away by this process.
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Figure 3.6. IR spectra collected from CdSe QBs corresponding to ligation exchange from Z to
AX type. (a) starting {CdSe[Cd(oleate)2]0.19} QBs; (b) {CdSe[OH]x[Na]x} QBs upon
precipitation; (c) {CdSe[OH]x[Na]x} QBs after washing with toluene-methanol. Reprinted with
permission from ref 53.

Ligation exchange was also explored with {CdSe[Cd(oleate)2]0.19} QBs and [(noctyl)4N]Cl. In this case displacement of the Z-type ligation by AX ligation shifted the
absorption spectrum to higher energy, with the lowest-energy feature shifting from 472 nm in
{CdSe[Cd(oleate)2]0.19} to 460 nm in {CdSe[Cl]x[(n-octyl)4N]x} (Figure 3.7b). Subsequent
exchange of the [(n-octyl)4N]Cl ligation by n-octylamine again shifted the spectrum to higher
energy, to that expected for {CdSe[n-octylamine]0.53} QBs (Figure 3.7c).
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Figure 3.7. Absorption spectra collected from CdSe QBs corresponding to ligation exchanges
from Z to AX to L type. (a) starting {CdSe[Cd(oleate)2]0.19} QBs; (b) {CdSe[Cl]x[(n-octyl)4N]x}
QBs formed by addition of [(n-octyl)4N]Cl to the specimen in a; (c) {CdSe[n-octylamine]0.53}
QBs formed by addition of n-octylamine to the specimen in (b). Reprinted with permission from
ref 53.
The IR spectrum of the {CdSe[Cl]x[(n-octyl)4N]x} QBs deposited from the reaction mixture
confirmed the removal of the Z-type Cd(oleate)2 ligation (Figure 3.8b), and contained only
features corresponding to the [(n-octyl)4N] counter-cation (see Figure 3.4 for assignments). The
IR spectrum was again severely attenuated after washing the [(n-octyl)4N]Cl QBs with toluenemethanol, suggesting a component of the AX ligation to be weakly bound. Combustion-based
elemental analyses obtained before and after washing again supported that conclusion.
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Figure 3.8. IR spectra collected from CdSe QBs corresponding to ligation exchange from Z to
AX type. (a) starting {CdSe[Cd(oleate)2]0.19} QBs; (b) {CdSe[Cl]x[(n-octyl)4N]x} QBs upon
precipitation; (c) {CdSe[Cl]x[(n-octyl)4N]x} QBs after washing with toluene-methanol. Reprinted
with permission from ref 53.
As described above for exchanges with [n-Bu4N]OH vs. NaOH, parallel ligation-exchange
experiments were conducted with {CdSe[Cd(oleate)2]0.19} QBs and methanolic NaCl, having the
same X group but a different counteraction. NaCl ligation produced a spectral shift identical
(within experimental error) to that observed with [(n-octyl)4N]Cl ligation (Figure 3.9b). The
NaCl ligation was readily displaced by n-octylamine (Figure 3.9c). Combustion-based elemental
analyses before and after washing showed that the AX ligation was partially depleted in the
washed specimen.
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Figure 3.9. Absorption spectra collected from CdSe QBs corresponding to ligation exchanges
from Z to AX to L type. (a) starting {CdSe[Cd(oleate)2]0.19} QBs; (b) {CdSe[Cl]x[ Na]x} QBs
formed by addition of NaCl to the specimen in a; (c) {CdSe[n-octylamine]0.53} QBs formed by
addition of n-octylamine to the specimen in b. Reprinted with permission from ref 53.
Similar ligation exchanges were also investigated with {CdSe[Cd(oleate)2]0.19} QBs and
other AX salts (A = [(n-octyl)4N], and Na; X = Br, NO3, OBz, and OAc). Spectral shifts upon
ligand exchange were observed in each case (Figure 3.10). The positions of the lowest-energy
absorptions are listed in Table 3.2. Interestingly, the shifts observed for these additional salts
were the same within experimental error as those described above for exchange with [(noctyl)4N]Cl and NaCl. In all cases, addition of n-octylamine shifted the spectra back to the
position expected for {CdSe[n-octylamine]0.53} QBs.
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Figure 3.10. Absorption spectra after ligation exchanges of {CdSe[Cd(oleate)2]0.19} QBs with
various AX salts. (a) [(n-octyl)4N]Br, (b) NaBr, (c) NaOAc, (d) NaNO3, (e) NaOBz. Note that all
spectra shift from that of {CdSe[Cd(oleate)2]0.19} with its lowest-energy feature at 472 nm to
those having lower-energy features in almost the same position at around 460 nm. Reprinted
with permission from ref 53.
Table 3.2. Listing of the lowest-energy absorption feature for CdSe QBs, for various
surface ligations and counter-cations. Reprinted with permission from ref 53.
λmax (nm)

Ligationa
+

A = R4N
‒

OH
Cd(oleate)2
Cl‒
Br‒
NO3‒
OBz‒
OAc‒
D-Phe‒
L-Phe‒
n-octylamine

+

+

A = Na

c

510(2)

505(1)

460(1)
459(2)

461(1)
462(1)
462(1)
460(1)
461(1)
455(1)
455(1)

+

A+ =
RNH3+/R3PH+b

472(1)
469
469
464
458
460

449(1)

a

Exchanges to AX ligation were conducted in methanol solvent, except for [n-Bu4N]OH and
NaOH, which were conducted in either H2O or methanol, giving the same results.
b
These data taken from ref.36.
c
The error in the final digit is given in parentheses.
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IR spectra for the exchanges with NaNO3, NaOBz, and NaOAc (conducted in methanol) are
recorded in Figure 3.11. These spectra contained the expected features for nitrate and
carboxylate ligands. Upon washing the precipitated specimens with toluene-methanol, the
features were greatly attenuated. The partial loss of AX ligation was confirmed by combustionbased elemental analyses. The empirical formulas of all as-deposited and washed AX-ligated
QBs are given in Table 3.3. In all cases, AX was lost to varying degrees in the washing process.
The observed stoichiometries of these cases are further analyzed below.

Figure 3.11. IR spectra after ligation exchanges of {CdSe[Cd(oleate)2]0.19} QBs with various
AX salts. Samples with saturated AX coverage were obtained by precipitation from the exchange
reaction. Those with depleted coverage were washed as described in the text. (a) NaNO3,
saturated coverage; the N-O stretch is at 1354 cm-1.37 (b) NaNO3, depleted coverage. (c) NaOBz,
saturated coverage. The asymmetric and symmetric CO2 stretches are at 1541 and 1400 cm-1,
respectively. (d) NaOBz, depleted coverage. (e) NaOAc, saturated coverage. The asymmetric
and symmetric CO2 stretches are at 1554 and 1400 cm-1, respectively. (f) NaOAc, depleted
coverage. Reprinted with permission from ref 53.
One of these exchanges was used to confirm the displacement of free Cd(oleate)2 upon
reaction of {CdSe[Cd(oleate)2]0.19} QBs and an AX salt. A methanolic solution of [(noctyl)4N]Br was added {CdSe[Cd(oleate)2]0.19} QBs in a 5:1 ratio of [(n-octyl)4N]Br to ligated
Cd(oleate)2. After centrifugation of the AX-ligated QBs, the supernatant was evaporated, and the
70

residue examined by 1H NMR spectroscopy (Figure 3.12). The vinylic resonances of the
displaced Cd(oleate)2 were observed with an integrated intensity corresponding to its complete
displacement by [(n-octyl)4N]Br.
Table 3.3. AX-ligation stoichiometries of CdSe QBs determined by combustion-based
elemental analyses.a. Reprinted with permission from ref 53.
Saturated Ligationb

Depleted Ligationc

CdSe(n-octylamine)0.53±0.06d
CdSe[Cd(oleate)2]0.19±0.02d
CdSe[OH]0.35±0.15[n-Bu4N]0.40±0.15

CdSe[OH]0.04±0.15[n-Bu4N]0.04±0.15

CdSe[Cl]0.50±0.15[R4N]0.29±0.15
CdSe[Cl]0.81±0.15[R4N]0.47±0.15

CdSe[Cl]0.27±0.15[R4N]0.03±0.15
CdSe[Cl]0.16±0.15[R4N]0.18±0.15

CdSe[Cl]0.35±0.15[Na]0.35±0.15

CdSe[Cl]0.24±0.15[Na]0.24±0.15

CdSe[Br]0.52±0.15[R4N]0.36±0.15
CdSe[Br]0.22±0.15[R4N]0.22±0.15

CdSe[Br]0.21±0.15[R4N]0.04±0.15
CdSe[Br]0.06±0.15[R4N]0.03±0.15

CdSe[Br]0.63±0.15[Na]0.63±0.15
CdSe[Br]0.09±0.15[Na]0.09±0.15

CdSe[Br]0.06±0.15[Na]0.06±0.15

CdSe[NO3]0.21±0.15[Na]0.21±0.15

CdSe[NO3]0.09±0.15[Na]0.09±0.15

CdSe[OBz]0.87±0.15[Na]0.87±0.15
CdSe[OAc]0.60±0.15[Na]0.60±0.15

CdSe[OBz]0.31±0.15[Na]0.31±0.15
CdSe[OAc]0.41±0.15[Na]0.41±0.15
CdSe[OAc]0.12±0.15[Na]0.12±0.15

a

The duplicated analyses were conducted on separate but similarly prepared specimens.
As synthesized or deposited from the exchange reaction.
c
After washing with a toluene-methanol mixture.
d
After washing, but corresponds to saturated ligand coverage.32
b
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Figure 3.12. 1H NMR spectra (in d8-toluene) of (a) as-synthesized [Cd(oleate)2], and (b) the
[Cd(oleate)2] displaced from {CdSe[Cd(oleate)2]0.19} QBs upon ligation exchange with [(noctyl)4N]Br. Anhydrous [Cd(oleate)2] was prepared in 1-octadecene (ODE) solvent (see ref. 24
of the main text), and ODE resonances are present in both spectra as marked. The alpha CH2
resonance of the [(n-octyl)4N] group is present in spectrum (b), corresponding to the excess
amount of [(n-octyl)4N]Br employed in the ligation exchange. The integrated ratio of the CH2 to
oleate resonances is 4.8:1.0, indicating that the ratio of [(n-octyl)4N]Br to [Cd(oleate)2] in
solution was 2.4:1.0. Given that [(n-octyl)4N]Br was combined with {CdSe[Cd(oleate)2]0.19} in
the ratio 0.9:1.0, and the amount of unreacted [(n-octyl)4N]Br remaining in solution, the
composition of the precipitated ligand-exchanged QBs was determined to be CdSe[Br]0.44[(noctyl)4N]0.44, which was consistent with the composition determined by combustion-based
elemental analysis (Table 3.3). Reprinted with permission from ref 53.
TEM images of the AX-ligated CdSe QBs confirmed that the ribbon-like nanocrystal
morphologies were retained upon ligand exchange from Cd(oleate)2 ligation. Figure 3.13
contains images obtained from {CdSe[OH]x[Na]x} and {CdSe[Cl]x[(n-octyl)4N]x} specimens.
Images of the initial amine-ligated and the remaining AX-exchanged QBs are recorded in Figure
3.14. The variously AX-ligated QBs exhibited varying degrees of aggregation but, as expected,
their general morphologies were not otherwise affected by the exchange processes.
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Figure 3.13. TEM images of AX-ligated CdSe QBs after exchange from Cd(oleate)2 ligation:
(a) AX = NaOH; (b) [(n-octyl)4N]Cl. Reprinted with permission from ref 53.
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Figure 3.14. Representative TEM images obtained from CdSe QBs before and after ligation
exchanges of {CdSe[Cd(oleate)2]0.19} QBs with various AX salts. Exchange with (a) [nBu4N]OH, (b) NaCl, (c) [(n-octyl)4N]Br, (d) NaBr, (e) NaOAc, (f) NaNO3, (g) NaOBz, and (h)
starting {CdSe[Cd(oleate)2]0.19} QBs. Reprinted with permission from ref 53.
QB aggregation is not the origin of the spectral shifts reported above. CdSe QBs with Ltype primary-amine ligation in tight, well-ordered bundles and dispersed as well-separated
individual QBs gave spectral features in the same positions.36 Additionally, the AX-ligated CdSe
QBs retained colloidal stability for only a few tens of minutes, the timescale over which
absorption spectra were collected. No time-dependent shifts or irreproducibility in peak positions
were observed while the aggregation processes were occurring.
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Wurtzite CdSe QBs exhibit lattice contractions in both lattice parameters a and c, the
magnitudes of which depend on the surface ligation.32,38 These lattice contractions are
manifestations of compressive strains in the QBs, which range from ca. 1–4%. Changes in the
strain state in the a dimension contribute to the spectral shifts observed upon ligation exchange.32
The lattice contractions in a extracted from XRD data from the AX-ligated CdSe QBs are listed
in Table 3.4. The XRD patterns are in Figure 3.15. The corresponding strains and their
contributions to the observed spectral shifts are further analyzed in the Discussion.
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Table 3.4 Lattice contractions in the a parameter from XRD data, and the corresponding
spectral shifts expected from the change in the strain in a, relative to CdSe(noctylamine)0.53. Reprinted with permission from ref 53.
ΔEstrain
(meV)c

CdSe(OH)x(R4N)x

Saturateda
Contraction
in a (%)b
3.3

ΔEstrain
(meV)c

5

Depletedd
Contraction
in a (%)b
1.9

CdSe(OH)x(Na)x

3.3

5

1.6

40

CdSe(Cl)x(R4N)x

3.5

0

3.7

5

CdSe(Cl)x(Na)x

1.9

35

2.3

25

CdSe(Br)x(R4N)x

N/A

N/A

3.5

0

CdSe(Br)x(Na)x

1.2

49

2.3

26

CdSe(NO3)x(Na)x

2.3

25

4.4

19

CdSe(OBz)x(Na)x

3.3

5

3.9

10

CdSe(OAc)x(Na)x

2.3

26

3.0

10

AX-ligated QBs

35

a

As synthesized or deposited from the exchange reaction.
The estimated error in these values is ±0.1.
c
Calculated from ΔEstrain = α(Δε)Y, where ΔEstrain is the expected spectral shift, relative to
CdSe(n-octylamine)0.53, due to the change in a, α is the band-gap pressure coefficient of the
semiconductor, Δε is the change in the strain measured by XRD, and Y is Young’s modulus for
the semiconductor.32
d
After washing with a toluene-methanol mixture.
b

Figure 3.15. XRD patterns of various AX-passivated QBs. AX = (a) [n-Bu4N]OH, (b) NaOH,
(c) [(n-octyl)4N]Cl, (d) NaCl, (e) [(n-octyl)4N]Br, (f) NaNO3, (g) NaOBz, (h) NaOAc. Reprinted
with permission from ref 53.
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Low-angle XRD patterns are sometimes observed from CdSe QBs as a result of ordered or
semi-ordered QB stacking (bundling).32-34,36 The low-angle reflections may be used to measure
the thicknesses of the ligand layers. However, low-angle XRD patterns were not observed for the
AX-exchanged QBs, which presumably reflected their flocculation into insufficiently ordered
agglomerates (Figure 3.16).

Figure 3.16. TEM images of AX-ligated CdSe QBs after exchange from Cd(oleate)2 ligation: (a)
AX = NaOH; (b) [(n-octyl)4N]Cl. Reprinted with permission from ref 53.

3.3.3 CdSe and AX-Ligation Stoichiometry.
AX ligation exchange with {CdSe[Cd(oleate)2]0.19} QBs was conducted in each case by
titrating the addition of AX to achieve the maximum shift of the absorption spectrum. The
amount of AX necessary to achieve the maximum shifts fell within a narrow range of 0.9-1.2
mol of AX per mol of starting {CdSe[Cd(oleate)2]0.19} (see Table 3.5). The QBs collected at this
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stage were considered to have saturated AX coverage. We also reported above that washing the
QBs having saturated coverage depleted the AX ligation. We thus sought to determine
quantitatively the stoichiometries of saturated and depleted AX ligation, and to establish the
Cd:Se ratios in the variously ligated CdSe QBs. We also sought to determine if the depleted AX
ligation could be further depleted or removed completely with further washing, and what effects
the stoichiometry of AX coverage had on the spectral and other properties of the QBs.
Table 3.5. Molar Ratios of AX to {CdSe[Cd(oleate)2]0.19} QBs employed for AX ligation
exchanges. Reprinted with permission from ref 53.
AX-ligated QBs

Ratio

CdSe(OH)x(R4N)x

0.8-0.9

CdSe(OH)x(Na)x

0.9-1.0

CdSe(Cl)x(R4N)x

0.9-1.0

CdSe(Cl)x(Na)x

0.9-1.2

CdSe(Br)x(R4N)x

0.9-1.2

CdSe(Br)x(Na)x

0.9-1.2

CdSe(NO3)x(Na)x

0.9-1.2

CdSe(OBz)x(Na)x

0.8-1.0

CdSe(OAc)x(Na)x
CdSe(PF)x(R4N)x

0.9-1.0
0.8-1.0

We first analyze the Cd:Se ratios in the wurtzite CdSe QBs studied here. Unlike the case for
zinc blende CdSe nanoplatelets, the CdSe cores of the wurtzite QBs are stoichiometric with a 1:1
Cd:Se ratio.34 Z-type ligation by Cd(oleate)2 adds additional surface Cd, giving the stoichiometry
{CdSe[Cd(oleate)2]0.19±0.02}, as determined by combustion-based elemental analyses.32 Here we
subjected the Cd(oleate)2-ligated QBs to analysis by EDS in the TEM finding a Cd:Se ratio of
(54.8 ± 0.5):(45.2 ± 0.5). This ratio corresponded to a stoichiometry of
{CdSe[Cd(oleate)2]0.21±0.02}, in excellent agreement with that determined by combustion-based
elemental analysis.
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EDS analyses of the (saturated) AX-ligated and n-octylamine-ligated QBs all gave Cd:Se
ratios close to the mean value of (51.2 ± 0.4):(48.8 ± 0.4) (see Table 3.6), or (1.05 ± 0.01):(1.00
± 0.01), which was very close to stoichiometric. We also determined the Cd:Se ratios for the
QBs with depleted AX ligation after washing, which were all close to the mean value of (51.6 ±
0.5):(48.4 ± 0.5) (see Table 3.6), and within experimental error of the ratio above (prior to
washing).
Table 3.6. EDS analyses of Cd:Se ratios in variously ligated CdSe QBs. (a) Saturated
ligation. (b) Depleted ligation. Reprinted with permission from ref 53.
(a)

(b)

AX-ligated QBs

Cd (%)

Se (%)

CdSe(OH)x(R4N)x
CdSe(OH)x(Na)x
CdSe(Cl)x(R4N)x
CdSe(Cl)x(Na)x
CdSe(Br)x(R4N)x
CdSe(Br)x(Na)x
CdSe(NO3)x(Na)x
CdSe(OBz)x(Na)x
CdSe(OAc)x(Na)x
CdSe(n-octylamine)0.53

51.97
51.60
50.69
50.78
51.17
51.11
50.87
51.28
51.13
51.23

48.03
48.40
49.31
49.22
48.83
48.89
49.13
48.72
48.87
48.77

AX-ligated QBs

Cd (%)

Se (%)

CdSe(OH)x(R4N)x
CdSe(OH)x(Na)x
CdSe(Cl)x(R4N)x
CdSe(Cl)x(Na)x
CdSe(Br)x(R4N)x
CdSe(Br)x(Na)x
CdSe(NO3)x(Na)x
CdSe(OBz)x(Na)x
CdSe(OAc)x(Na)x

51.33
51.70
52.28
50.56
52.43
51.46
51.23
51.87
51.37

48.77
48.30
47.72
49.44
47.57
48.54
48.77
48.13
48.63

The QB cores consist of 5 monolayers of CdSe.32 If, for example, a monolayer of Cd were
lost to etching in the washing or ligand-exchange processes, the Cd:Se ratio would be 44.4:55.6,
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far from the values we measured. Moreover, combustion-based elemental analysis after back
exchange from AX to n-octylamine ligation confirmed the same stoichiometry as in the initially
synthesized {CdSe[n-octylamine]0.53} QBs.32 Additionally, the absorption spectra of the backexchanged n-octylamine-ligated QBs were identical to that of the initially synthesized {CdSe[noctylamine]0.53} QBs (Figures 2c, 5c, 7c, 9c).32 These elemental and spectroscopic analyses
established that the ligand exchanges and washing steps acted only on the QB surfaces, and did
not change the core stoichiometries of the QBs.
We next analyze in more detail the AX-ligation stoichiometry, which was determined by
combustion-based elemental analyses for C, H, N, Cl, and Br. The empirical formulas for AX
ligation recorded in Table 3.3 reflect considerable scatter in the analytical data (see also Table
3.1). In cases for which multiple analyses were conducted on the same sample, the errors were
propagated to be as large as ± 0.10 in the Table 3.3 formula subscripts. The analytical differences
between samples prepared by nominally identical procedures were somewhat larger, and
required error bars on the order of ± 0.15 to reconcile. Finally, in cases where X = Cl or Br and A
= R4N, the anion and cation stoichiometries were determined independently. The cation
stoichiometries were generally found to be apparently deficient relative to the anion
stoichiometries (Table 3.3). We suspect that at least some of this stoichiometric difference was
real, and due to adventitious H+ for R4N+ exchange during the MeOH washing steps, which
would deplete the NR4+ cation relative to the X- anion. We also note that these differences were
largely reconciled by error bars on the formula subscripts of ± 0.15. We thus considered the AXligation stoichiometries reported in Table 3.3 to be valid within these approximate limits.
We then looked for stoichiometric trends in the AX-ligation data. We used averaged
stoichiometries for samples prepared by nominally identical procedures (which are listed
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separately in Table 3.3). Some measurements were rejected as outliers for falling well outside the
ranges established by the others, including CdSe[Br]0.09[Na]0.09 (saturated ligation), and
CdSe[Br]0.06[R4N]0.03 (depleted ligation). The saturated-ligation stoichiometries then ranged from
approximately CdSe[X]0.4[A]0.4 to CdSe[X]0.8[A]0.8, which may have slightly overestimated the
degree of AX ligation due to the presence of trace amounts of free AX salts. (Recall that washing
steps were not employed for these samples.) The depleted-ligation stoichiometries ranged from
approximately CdSe[X]0.1[A]0.1 to CdSe[X]0.3[A]0.3.
Some tentative conclusions were drawn from this stoichiometric analysis. First, the analysis
supported the conclusion that washing steps generally depleted the AX ligation relative to the
saturated values. Second, the compositional range for saturated ligation, CdSe[X]0.4-0.8[A]0.4-0.8,
was close to the stoichiometry previously established for L-type {CdSe[n-octylamine]0.53} QBs,
whereas the compositional range for depleted ligation, CdSe[X]0.1-0.3[A]0.1-0.3, was close to the
stoichiometry previously established for Z-type {CdSe[Cd(oleate)2]0.19} QBs. The significance
of the second conclusion is pursued in the Discussion.
We then returned to the question of further depletion or complete removal of AX ligation. Our
typical washing procedure employed two washes with a toluene-methanol mixture (v/v = 1/1),
and a third wash with toluene. We selected several specimens for further washing. The asdeposited (saturated) {CdSe[OH]x[n-Bu4N]x}, {CdSe[Cl]x[(n-octyl)4N]x}, and {CdSe[Br]x[(noctyl)4N]x} QBs were subjected to seven washes with a toluene-methanol mixture (v/v = 1/1),
and an eighth wash with toluene. Combustion-based elemental analyses obtained from the
halide-ligated QBs gave the stoichiometries {CdSe[Cl]0.27±0.15[(n-octyl)4N]0.03±0.15}, and
{CdSe[Br]0.20±0.15[(n-octyl)4N]0.03±0.15}, which were within experimental error that same as the
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stoichiometries determined for the samples washed three times. Thus, the depleted ligation was
robust, and was not further or completely removed.
We next examined the sensitivity of the spectral shifts to the degree of AX ligation (saturated
vs. depleted vs. extra washed). Table 3.7 provides the position of the lowest-energy absorption
features as a function of ligation. In about half of the cases, those with X = OH or A = R4N, the
spectral shifts were sensitive to the degree of AX ligation. In the other cases, largely those with A
= Na, the spectral shifts were not sensitive to the extent of AX ligation. We surmised that for these
latter cases, the spectral shifts were largely determined by the more strongly bound component of
X- ligands, rather than the more weakly bound component. The absorption spectra before and after
washing for AX = [(n-octyl)4N]Br are recorded in Figure 3.17.

Figure 3.17. Absorption spectra of variously washed [(n-octyl)4N]Br passivated QBs. (a)
Saturated; (b) washed three times; (c) washed eight times. Reprinted with permission from ref
53.
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Table 3.7. Dependence of the lowest-energy absorption feature on the AX stoichiometry in
CdSe QBs. Reprinted with permission from ref 53.
AX
[R4N]OH
NaOH
[R4N]Cl
NaCl
[R4N]Br
NaBr
NaNO3
NaOBz
NaOAc
a
b

Saturated
510(2)b
505(1)
460(1)
461(1)
459(2)
462(1)
462(1)
460(1)
461(1)

λmax (nm)
Washed (3×)a
485(1)
488(2)
464(1)
463(1)
468(1)
463(1)
464(1)
463(1)
461(1)

Washed (8×)
482(2)
489(1)
470(1)
464(1)
470(1)
464(1)

This column corresponds to depleted AX ligation.
The error in the final digit is given in parentheses.
We also observed differences in the colloidal stabilities of the QBs with saturated vs.

depleted AX ligation. As background information, the L-type-ligated {CdSe[n-octylamine]0.53}
QBs form dispersions in either toluene or methanol that are stable for 30 – 60 min, prior to
precipitation. The Z-type-ligated {CdSe[Cd(oleate)2]0.19} QBs form dispersions in either toluene
or methanol that are very clear and indefinitely stable. For comparison, the QBs having saturated
AX ligation exhibited better dispersibility in methanol than toluene, and were stable to
precipitation for only 10 – 20 minutes. In contrast, the QBs having depleted AX ligation were
equally dispersible in toluene and methanol, forming dispersions that were stable for 20 – 30
min. CdSe QBs with either saturated or depleted AX ligation exhibited excellent exchangeability
to both L-type and Z-type ligation.

3.3.4 Exposure of {CdSe[Cd(oleate)2]0.19} to a Salt having a Non-coordinating
Anion.
We ascribed the spectral shifts resulting from the combination of salts AX and
{CdSe[Cd(oleate)2]0.19} (Table 3.2) to the displacement of surface-bound Cd(oleate)2 and
binding of the various X- groups (according to Scheme 3.2c). We also considered that the shifts
83

may be due to a change in the dielectric environment surrounding the CdSe QBs due to the
added salt, rather than a ligation exchange. If so, exposure of {CdSe[Cd(oleate)2]0.19} QBs to a
salt having a non-coordinating anion would produce a related spectral shift, whereas if the shifts
were truly due to ligation exchange then no spectral shift should occur.
A methanolic solution of [n-Bu4N]PF6 was added dropwise to a suspension of
{CdSe[Cd(oleate)2]0.19} in toluene, following the procedure for the other AX salts described
above. The [n-Bu4N]PF6 was ultimately added in an amount comparable to the other AX salts
(Table 3.5). The absorption spectra before and after this addition are given in Figure 3.18. No
spectral shift (exceeding the error in the measurement) was observed. The lowest-energy spectral
feature remained at 472(1) nm, as for {CdSe[Cd(oleate)2]0.19}. The IR spectra (Figure 3.19) of
the CdSe QBs obtained after [n-Bu4N]PF6 addition also corresponded to the Cd(oleate)2-ligated
QBs. Thus, the starting material for this procedure was recovered intact, and no spectral shifting
occurred.

84

Figure 3.18. Absorption spectra collected from CdSe QBs corresponding to addition of [nBu4N]PF6. (a) starting {CdSe[Cd(oleate)2]0.19} QBs; (b) upon addition of [n-Bu4N]PF6; (c) upon
precipitation from the dispersion of {CdSe[Cd(oleate)2]0.19} QBs and [n-Bu4N]PF6. Reprinted
with permission from ref 53.

Figure 3.19. IR spectra after exposure of {CdSe[Cd(oleate)2]0.19} QBs to [n-Bu4N][PF6], a salt
containing a non-coordination anion. (a) As precipitated from the mixture. The arrows identify
the asymmetric and symmetric CO2 stretches from the intact Cd(oleate)2 ligation. The feature at
833 cm-1 is the P-F stretch from residual [n-Bu4N][PF6], which is very strong and sharp in the
PF6- anion. (b) After washing by the normal procedure. Arrows identify the asymmetric and
symmetric CO2 stretches from the intact Cd(oleate)2 ligation. This spectrum matches that of
{CdSe[Cd(oleate)2]0.19} QBs. Reprinted with permission from ref 53.
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3.3.5 AX Ligation with Chiral X-type Ligands.
Evidence for the direct bonding of anionic X-type ligands to the QBs was sought by ligation
of the anions of D- and L-phenylalanine (Phe, Scheme 3.3). Dispersions of
{CdSe[Cd(oleate)2]0.19} were separately titrated with methanolic solutions of the Na+ salts of Dand L-Phe to achieve the maximum shifts in the absorption spectra. The lowest-energy features
in the spectra after titration were identically shifted, as expected, to 455 nm (Figure 3.20).
Scheme 3.3 Salts of D- and L-Phenylalanine. Reprinted with permission from ref 53.

Figure 3.20. Absorption spectra collected from CdSe QBs corresponding to ligation exchanges
from Z to AX type. (a) starting {CdSe[Cd(oleate)2]0.19} QBs; (b) {CdSe[L-Phe]x[Na]x} QBs
formed by addition of [Na][L-Phe] to the specimen in a; (c) {CdSe[D-Phe]x[Na]x} QBs formed
by addition of [Na][D-Phe] to the specimen in a. Reprinted with permission from ref 53.
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Figure 3.21. IR spectra collected from CdSe QBs corresponding to ligation exchange from Z to
AX type. (a) starting {CdSe[Cd(oleate)2]0.19} QBs; (b) {CdSe[L-Phe]x[Na]x} QBs upon
precipitation; (c) {CdSe[D-Phe]x[Na]x} QBs upon precipitation (arrows near 3000 cm-1 identify
the NH stretches, whereas those near 1500 cm-1 identify the asymmetric and symmetric CO2
stretches). Reprinted with permission from ref 53.
IR spectra of the ligand-exchanged {CdSe[Phe]x[Na]x} QBs were obtained after their
separation by centrifugation from the reaction mixtures (Figure 3.21). For comparison, the IR
spectra of D-Phe and the Na+ salt of D-Phe were also obtained (Figure 3.22). Figure 3.21 shows
that the IR spectra of D- and L-{CdSe[Phe]x[Na]x} QBs were identical. The N-H stretches for the
α-NH2 groups were observed in the same region (3084-3001 cm-1) as in the Na+ salt of Phe (Figure
3.21). The difference (Δ) between the asymmetric (1571 cm-1) and symmetric (1410 cm-1) CO2
stretches in the D-{CdSe[Phe]x[Na]x} QBs at 160 cm-1 compared closely to that in the Na+ salt of
D-Phe (Δ = 1560 cm-1 – 1410 cm-1 = 150 cm-1), indicating bridging carboxylate binding modes.39

87

Figure 3.22. IR spectra of (a) D-phenylalanine (D-Phe) and (b) the Na+ salt of D-Phe. The
arrows in (b) identify the asymmetric (1560 cm-1) and symmetric (1410 cm-1) CO2 stretches of
the carboxylate group. These spectra are for comparison to those in Figure 12. Reprinted with
permission from ref 53.
Circular-dichroism (CD) spectra of D- and L-{CdSe[Phe]x[Na]x} QBs are recorded in Figure
3.23. Each spectrum contains three features corresponding to the three absorption features of the
QBs in Figure 3.23. The two spectra are nearly exact inverses of one another. These spectra
match in polarity and general appearance those reported for wurtzite CdSe nanoplatelets ligated
by D- and L-cysteine, respectively.40 The observation of such mirror-image CD spectra is
considered strong evidence of the direct nanocrystal-surface bonding of ligands of opposite
chirality.41 This issue if further developed in the Discussion.
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Figure 3.23. CD spectra of {CdSe[Phe]x[Na]x} QBs. (a) {CdSe[L-Phe]x[Na]x} QBs; (b)
{CdSe[D-Phe]x[Na]x} QBs. The specimens in a and b were prepared in equal concentration and
exhibited equal absorbances. Reprinted with permission from ref 53.

3.3.6 Other Ligation Exchanges.
The exchanges to AX ligation discussed above employed {CdSe[Cd(oleate)2]0.19} as the
starting material. We have also prepared CdSe QBs having Z-type ligation with metal halides
MX2, where M = Cd and Zn, and X = Cl, Br, and I.33 In each of these MX2 ligated starting
materials, exchange for AX ligation, as monitored by absorption spectroscopy, occurred in the
same manner as that observed for {CdSe[Cd(oleate)2]0.19}. Within experimental error, the
spectral shifts observed were the same as those achieved starting from {CdSe[Cd(oleate)2]0.19}
(see Table 3.8).
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Table 3.8. Lowest-Energy Absorption (λmax in nm) for AX-Ligated CdSe QBs.a Reprinted
with permission from ref 53.

a

Columns indicate the original Z-type ligation; rows indicate the exchanged AX-type ligation.

We reported above that AX-ligation exchange generally did not occur starting from L-type
ligated {CdSe[n-octylamine]0.53} QBs. Only in the case of the addition of NaOH did we
observed a spectral shift (Figure 3.24). In this case, the lowest-energy feature shifted from 449(1)
nm to 477(1) nm, prior to the loss of resolution through spectral broadening. As this shift is
smaller than that observed (505(1) nm) upon addition of NaOH to {CdSe[Cd(oleate)2]0.19} (and
the other MX2-ligated QBs), we surmised that the ligation exchange did not proceed to
completion in this case. This conclusion was supported by IR spectroscopy, which showed the
retention of n-octylamine after NaOH addition (Figure 3.24 c, d).
We also reported above that in every case the AX ligation could be exchanged to L-type noctylamine ligation. Combustion-based elemental analysis after back exchange from
{CdSe[Br]0.52±0.15[R4N]0.36±0.15} gave the empirical formula {CdSe[n-octylamine]0.56±0.06},
confirming the completeness of the exchange process. This stoichiometry was within
experimental error the same as that of directly synthesized {CdSe[n-octylamine]0.53±0.06}.32
Similarly, in every case the AX ligation could be back exchanged to Z-type Cd(oleate)2 ligation,
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using a 10-fold excess of Cd(oleate)2, as monitored by absorption and IR spectroscopy (Figure
3.25). Thus, the present study established that AX to L-type exchange (Scheme 3.2d in the
reverse direction) and reversible Z-type to AX exchange (Scheme 3.2c in both directions) were
generally facile in wurtzite CdSe QBs.

Figure 3.24. Absorption spectra of (a) starting {CdSe[n-octylamine]0.53} QBs, and (b) after
addition of NaOH to {CdSe[n-octylamine]0.53} QBs. The spectral shift observed was smaller
than that of NaOH addition to {CdSe[Cd(oleate)2]0.19} QBs (see Figure 4 in the main text). IR
spectra after addition of NaOH to {CdSe[n-octylamine]0.53} (c) before and (d) after washing.
The spectrum in (d) resembles that of {CdSe[n-octylamine]0.53} QBs. Reprinted with permission
from ref 53.
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Figure 3.25. Spectra corresponding to exchange of {CdSe[Cd(oleate)2]0.19} QBs to
{CdSe[Cl]x[(n-octyl)4N]x} QBs, and back exchange to {CdSe[Cd(oleate)2]0.19} QBs. Absorption
spectra of (a) starting {CdSe[Cd(oleate)2]0.19} QBs, (b) exchanged {CdSe[Cl]x[(n-octyl)4N]x}
QBs, and (c) back exchanged CdSe[Cd(oleate)2]0.19} QBs. IR spectra of (d) starting
{CdSe[Cd(oleate)2]0.19} QBs, (e) exchanged {CdSe[Cl]x[(n-octyl)4N]x} QBs, and (f) back
exchanged CdSe[Cd(oleate)2]0.19} QBs. Reprinted with permission from ref 53.

3.4 Discussion
3.4.1 Evidence for Bound-Ion-Pair X-type Ligation.
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The shifts observed in the absorption spectra of {CdSe[Cd(oleate)2]0.19} QBs (and the other
MX2-ligated QBs) upon addition of salts AX are interpreted above to indicate displacement of
the Z-type Cd(oleate)2 ligation by bound-ion-pair X-type ligation (Scheme 3.2c). Here we
summarize the evidence in support of this conclusion.
In each case of AX addition to {CdSe[Cd(oleate)2]0.19} QBs that produces a spectral shift, the
IR spectrum of the recovered material shows the loss of [Cd(oleate)2], by the disappearance of
the characteristic asymmetric and symmetric CO2 stretches associated with the oleate groups.
These stretches are replaced by the IR features of the bound AX ion pairs containing R4N+, OH-,
NO3-, OAc-, or OBz- groups. The Cd(oleate)2 (Z-type) to AX substitutions are also confirmed by
elemental analyses.
If, as we assert, the spectral shifts are due to the binding of various X- groups to the CdSe QB
surfaces, then these shifts should depend upon X-, but be much less sensitive to the countercation A+ in the salts AX. Table 3.2, which records the spectral shift in the lowest-energy
absorption feature as functions of X- and A+, demonstrates this to be largely true. The difference
in the shifts for OH- coordination between [n-Bu4N]+ (510(2) nm) and Na+ (505(1) nm)
counterions appears to be slightly larger than the error in the measurements, and may reflect a
small effect due to differences in A+/OH- ion pairing between [n-Bu4N]+ and Na+ cations. We
remind the reader that X- ligation with the mixed RNH3+/R3PH+ counterions (Table 3.2) was
generated by reaction of L-type {CdSe[n-octylamine]0.53} QBs and acids HX in the presence of
(n-octyl)3P.36 The shifts observed for X- = Cl- and Br- and the mixed counterions does differ from
those observed for A+ = [(n-octyl)4N]+ and Na+. However, those cases were reported as the two
from the prior study36 in which AX to L-type ligation was not fully reversible, suggesting that
other changes in addition to mere ligation exchanges had occurred in those examples. The
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general dependence of the spectral shifts on X-, but their insensitivity to A+, upon exchange to
AX ligation is consistent with X- surface ligation.
We also note that absorption energies for semiconductor nanocrystals are sensitive to the
dielectric environment surrounding the nanocrystals.42 Thus, one must consider that addition of
the salts AX to {CdSe[Cd(oleate)2]0.19} QBs increased the ionic strength of the surrounding
medium to produce the observed shifts, rather than the proposed ligation exchanges. However, as
reported above, addition of [n-Bu4N]PF6, having a non-coordinating X- anion, in similar amounts
produced no spectral shifting (Figure 3.18), and failed to remove the Cd(oleate)2 ligation.
The strongest evidence for the direct surface binding of X- ligands is the CD spectra in Figure
3.23, corresponding to ligation by the anions of D- and L-Phe. The chiroptical effects of αamino-acid ligation on the electronic transitions of CdSe nanoplatelets have been previously
established.40,41 Oron and coworkers investigated this phenomenon in both core-only and coreshell CdSe-CdS nanoplatelets, finding that a monolayer shell was sufficient to nearly quench the
CD spectra.41 The separation of the chiral ligands from the CdSe surface by even a monolayer
thickness removed the interaction responsible for the chiroptical effects. Thus, the observation of
the CD spectra in Figure 3.23 requires the direct bonding of the D- and L-Phe anions to the CdSe
QB surfaces.
In sum, the results reported here are best interpreted as the formation of bound-ion-pair Xtype ligation upon addition of salts AX to Z-type ligated CdSe QBs.

3.4.2 Spectral Shifts Due to AX Ligation.
Table 3.2 records the position of the lowest-energy absorption feature in the spectra of CdSe
QBs as a function of surface ligation. In most cases of AX ligation except X = OH, the lowestenergy feature appears at about 460 nm, and thus midway between the corresponding features in
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L-type {CdSe[n-octylamine]0.53}(449 nm) and Z-type {CdSe[Cd(oleate)2]0.19} (472 nm). In the
cases of X = D- and L-Phe the lowest energy features appear at 455 nm. Thus, in these cases,
except for X = OH, the spectral shifts observed upon exchanging from Z-type to bound-ion-pair
X-type ligation, and bound-ion-pair X-type to L-type ligation are quite modest.
Our prior studies of reversible L-type to Z-type ligation exchange identified two primary
origins for the spectral shifting observed.32,33 One is a change in the strain state of the QBs,
which could account for shifts of up to about 50 meV, or 5-8 nm in the absorption spectra of the
QBs. The second is electronic coupling of the ligand shell to the core of the QBs, which can
produce larger shifts. Thus, the binding of Z-type Cd(oleate)2 or CdCl2 adds Cd atoms to the top
and bottom surfaces of the QBs, extending the crystal lattice, and decreasing the quantum
confinement by the coupling of the Z-type ligands to the electronic structure of the QBs. This
electronic component of the spectral shift is 87 meV for Cd(oleate)2 ligation,14 and 207 meV for
CdCl2 ligation.33
In general, we do not expect the X- ligands to couple electronically to the QB crystal lattices.
For AX ligation except X = OH, the spectral shift relative to L-type amine ligation is 35-70 meV.
In cases where the AX ligation drops the lattice contraction below 2% (Table 3.4), a significant
component of that shift is assigned to a decrease in lattice strain. Surface charges (dipoles) are
known to shift the band-edge potentials for semiconductor nanocrystals.26 A small difference in
the shifts of the valence and conduction band edges due to the surface charge induced by the Xligation would be sufficient to account for the remainder of the observed 70 meV shift.
The spectral shifts observed upon [n-Bu4N]OH and NaOH ligation are remarkably large, 339
and 306 meV, respectively, from the spectrum of L-type {CdSe[n-octylamine]0.53}. As noted
above, these are the largest spectral shifts we have observed in any ligation exchange of wurtzite
95

CdSe QBs. The strain states of the saturated {CdSe[OH]x[n-Bu4N]x} and {CdSe[OH]x[Na]x}
QBs (Table 3.4) are nearly the same as for the reference {CdSe[n-octylamine]0.53}QBs, and so
these large shifts do not contain a significant strain-change component. We surmise that they
likely reflect a surprisingly strong electronic coupling of the surface hydroxide ligands and the
CdSe crystal lattice, to delocalize the electron and/or hole wave functions into the ligand shell,
and to so decrease the effective band gap of the QBs.
Insights into the electronic coupling of hydroxide ligands and the CdSe QBs may be suggested
by the participation of hydroxide ions in H2 generation photocatalyzed by semiconductor
nanorods.43-45 In this process, the hydroxide ion functions as a hole shuttle for extracting
photogenerated holes from the nanorod catalyst. Scheme 3.4 depicts the extraction process. In
part a, a hydroxide ion coordinates to the semiconductor surface, bringing along its associated
countercation, as a bound AX ion pair. Meanwhile, the hole from a nearby photogenerated
electron-hole pair is attracted to the surface by the negative surface charge. In part b, the hole is
transferred to the surface-bound hydroxyl ligand. In part c, the hydroxyl radical dissociates,
shuttling the hole to a sacrificial reductant in solution, which reduces it to a hydroxide ion,
completing the shuttle cycle. In a separate process, the photogenerated electron is employed in
catalytic H+ reduction to H2.
Scheme 3.4. Schematic depiction of the hydroxide/hydroxyl radical shuttle mechanism for
extracting photogenerated holes from semiconductor nanocrystals.43-45 Steps a – c are
described in the text. The double-headed arrow indicates proposed electronic resonance
between states a and b. Reprinted with permission from ref 53.

96

Resonance between the electronic states associated with Scheme 3.4 parts a and b may
explain the strong electronic coupling of the CdSe QBs and hydroxide ligands. In this event, the
hydroxides are serving as hole-delocalizing ligands, decreasing the quantum confinement with
the QBs and inducing the large spectral shift to lower energy.
For further comparisons, exchange of oleate to thiolate ligation in zinc blende CdSe
nanoplatelets induces a spectral shift to lower energy of 130 meV,46 whereas exchange of oleate
to Sn2S62- ligation in PbS nanocrystals (colloidal quantum dots) induces a corresponding shift of
97 meV.47 In both cases these shifts were ascribed to electronic coupling of and delocalization of
charge carriers onto the ligands. The shifts we observed with hydroxide ligation of CdSe QBs are
larger in magnitude, but presumably of similar origin. Hydroxide ligation was recently shown to
produce a modest bathochromic shift in the absorption spectra of CdSe nanocrystals, which was
assigned as a Stark shift.48

3.4.3 Surface Model for Depleted vs. Saturated AX Coverage.
The structures of the (unreconstructed) top (bottom) and edge facets of the wurzite CdSe QBs
are shown in Figure 1.2 (see also Figure 1.1). As noted above, these are nonpolar facets
containing equal numbers of Cd and Se atoms. As previously described,32 the broad top and
bottom {11-2 0} facets have a parallel ridge-and-valley structure, in which the ridges and valleys
consist of zig-zag chains of alternating Cd and Se atoms. The thinner {1-100} edge facets exhibit
a related ridge-and-valley structure, in which the constituent (CdSe) dimers are differently
oriented (Figure 1.2).
On these top, bottom, and edge facets the Cd and Se atoms in valley positions are tetrahedrally
coordinated, sterically encumbered, and apparently not involved in the surface coordination

97

chemistry.32 In contrast, the Cd and Se atoms in ridge positions are three-coordinate, sterically
accessible, and thus available for surface ligation.
Because the discrete thicknesses and average widths of the CdSe QBs are known, the
percentage of the QB Cd atoms in three-coordinate ridge positions may be calculated to be 26%,
as we showed previously.32 Similarly, the percentage of the QB Se atoms in three-coordinate
ridge positions is calculated to be 26%.32 This analysis ignores the vanishingly small (polar) end
facets (Figure 1.1).
Thus, the binding of one Z-type ligand per each (surface) ridge Se atom would produce an
idealized stoichiometry of {CdSe[Z]0.26}, close to that we previously established for
{CdSe[Cd(oleate)2]0.19±0.02}.32 Similarly, the idealized stoichiometry for the binding of one Ltype ligand per each (surface) ridge Cd atom is {CdSe[L]0.26}. The actual stoichiometry
previously determined for {CdSe[n-octylamine]0.53±0.06} has exactly twice this amount of L-type
ligation.32 To account for this L-type-binding stoichiometry, and in accordance with literature
precedent,49 we proposed that one L-type primary-amine ligand binds to each (surface) ridge Cd
and ridge Se atom, for the latter in an H-bonding-like interaction.32
Application of these arguments to bound-ion-pair X-type ligation produces idealized
stoichiometries of {CdSe[X]0.26[A]0.26} for the binding of one X- group to each (surface) ridge
Cd atom, and {CdSe[X]0.52[A]0.52} for the binding of two. As described in the results, the scatter
in the analytical data, and the variability of the AX ligation upon purification (washing), preclude
precise determination of surface coverage for bound-ion-pair X-type ligation. We find that
saturated AX ligation falls in the range of {CdSe[X]0.4-0.8[A]0.4-0.8}, and depleted ligation falls in
the range of {CdSe[X]0.1-0.3[A]0.1-0.3}. These ranges are close to the predictions above for two and
one X- group per each ridge Cd atom, respectively.
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Thus saturated AX coverage may correspond to two bound X- anions per 3-coordinate ridge
Cd atom (final Cd CN of 5), and depleted coverage to one bound X- anion per 3-coordinate ridge
Cd atom (final Cd CN of 4). This model would also account for the robust nature of the depleted
AX ligation (which is not further diminished by washing), as the ridge Cd atoms are presumably
tetrahedrally coordinated and valence satisfied in this condition. The excess X- ligation to 5coordinate Cd in saturated coverage is likely more easily removed.

3.4.4 Comparison to the Surface Ligation of Polar Facets.
The predominance of nonpolar facets of similar structure on the wurtzite CdSe QBs studied
here makes them ideal laboratories for investigating surface ligation and ligation exchanges on
these type of facets, as all major facets should behave similarly. We may expect that surface
ligation, ligation exchange, and defect passivation will be facet-type dependent. For example,
wurtzite CdSe QBs with L-type amine ligation exhibit photoluminescence quantum efficiencies
(PL QEs) of 30 ± 10%.50 This strong PL is nearly quenched upon exchange to Z-type Cd(oleate)2
ligation,32 and becomes undetectable for bound-ion-pair X-type (AX) ligation. Interestingly, in
these cases the original PL intensity is partially or largely restored upon back exchange to L-type
amine ligation (Figure 3.26).32,33
The behavior of zinc blende, pseudo-spherical CdSe nanocrystals contrasts significantly with
that described above. These nanocrystals express polar {100} and {111} facets. Saturated Z-type
Cd(oleate)2 ligation is necessary for high PL QEs.24,51,52 Partial replacement of the Z-type by Ltype amine ligation leads to precipitous reduction of the PL QE. Interestingly, the PL-quenching
defects are generated on the {100} facets, where loss of a single Cd(oleate)2 ligand reduces the
PL QE by 50-fold.51 Similar vacancies on the partially ligated {111} facets are tolerated. Thus,
even polar facets of different type exhibit different ligation and passivation chemistry. Thus
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studies of ligation and ligand-exchange on nanocrystals expressing majority facets of the same
type are especially straightforward and useful.

Figure 3.26. PL spectra of (a) {CdSe[OAc]y[(Na]y} QBs, (b) {CdSe[n-octylamine]0.53} QBs
back exchanged from {CdSe[OAc]y[(Na]y} QBs, (c) {CdSe[OBz]z[(Na]z} QBs, (d) {CdSe[noctylamine]0.53} QBs back exchanged from{CdSe[OBz]z[(Na]z} QBs. Reprinted with permission
from ref 53.
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3.5 Conclusion
The ligation exchanges employed in the present work are summarized in Scheme 3.5. Step
(a) in Scheme 3.5 was previously reported, in forward and reverse directions.32,33 L-type ligation
in wurtzite CdSe QBs is not displaced by AX, but Z-type ligation is displaced by AX to form
bound-ion-pair X-type ligation (Scheme 3.5b). The surface coverage of AX ligation varies
between depleted and saturated limits (Scheme 3.5c), corresponding to approximately one and
two X- ligands per surface, ridge Cd atom, respectively. The large spectral shift observed upon
OH- ligation, 339 meV relative to {CdSe[n-octylamine]0.53±0.06}, requires electronic coupling of
the ligand and CdSe QB core, which is tentatively attributed to hole delocalization. The boundion-pair X-type ligation is readily back exchanged to either Z-type or L-type ligation. All of
these ligation exchanges are rapid, complete, and reversible, and do not degrade the CdSe
nanocrystal core. The remarkable facility of surface exchange likely reflects the non-polarity and
closely related structures of the majority facets expressed by these nanocrystals, which gives
them similar ligation chemistry.
Scheme 3.5. Summary of Ligation-Exchange Reactions of Wurtzite CdSe QBs. Reprinted
with permission from ref 53.
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Chapter 4
Thiol versus Thiolate Ligation on Cadmium
Selenide Quantum Belts
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4.1 Introduction
We distinguish neutral alkanethiol (RSH) and anionic alkanethiolate (RS–) ligation on CdSe
nanocrystals. Addition of thiols to CdTe and CdSe nanocrystals is known to influence their
photoluminescence efficiencies, increasing them for CdTe nanocrystals,1-5 and decreasing them
for CdSe nanocrystals.3,5-8 However, the literature lacks clarity as to the mode of thiol interaction
with the nanocrystal surface, as a thiol ligand with its proton intact, or as a deprotonated thiolate
(Scheme 4.1). We have now characterized both bonding modes on CdSe nanoribbons (quantum
belts, QBs). As others have demonstrated,9-12 we conclude that the typical mode of nanocrystalsurface ligation is as an anionic alkanethiolate. Even so, we show that thiol and thiolate ligation
are readily exchanged on CdSe QBs.
Scheme 4.1. Thiol vs. Thiolate Nanocrystal Ligation. Reprinted with permission from ref
47.

The first syntheses of well-crystallized, narrowly dispersed II-VI colloidal quantum dots
(QDs) were conducted in tri-n-octylphosphine oxide (TOPO) as the reaction solvent.13
Consequently, these QDs were presumed to have neutral, Lewis-basic, L-type ligation14,15 with
some combination of TOPO, tri-n-octylphosphine (TOP), and possibly tri-n-octylphosphine
selenide (TOPSe) ligands.11,16,17 Thus, one might reasonably expect that substitution of such Ltype ligands by thiols would lead to L-type ligation by neutral thiol molecules, and indeed many
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reports describe such ligand-exchange processes as producing thiol ligation.3-8,18 We also note
that these reports may not have intended to specify the precise bonding mode resulting from the
exchanges through use of the term “thiol.”
The real surface ligation of the QDs prepared in TOPO was carefully analyzed years after the
emergence of these syntheses. The ligands were found to be primarily n-octylphosphonate and
di-n-octylpyrophosphonate groups, derived from TOPO impurities.16 These were shown to be Xtype ligands,11 which are formally neutral, 1-electron donors,14 but function as anionic ligands.19
The X-type ligands accompany a super-stoichiometric amount of metal ion (such as Cd2+) at the
QD surfaces to balance charge.20-22 Thus, the II/VI ratios in such QDs exceed unity.20-22 The
previously assumed ligand TOPO was actually found to be a poor ligand for II-VI QDs.16,23
Peng and coworkers developed alternative QD syntheses in non-coordinating solvents, using
long-chain carboxylic acids to provide X-type ligation, as carboxylate ligands.24,25 All of these
standard syntheses are now recognized to produce non-stoichiometric II-VI nanocrystal cores
and predominant X-type ligation.17,26 Thus substitution of the X-type ligands with thiols should
likely lead to thiolate ligation after transfer of the thiol proton to the departing X anion.
In this chapter, we reported the bonding of thiols and thiolates to wurtzite CdSe QBs as Ltype, Z-type, and bound-ion-pair X-type ligands as shown in Scheme 1.4. The Z-type ligation
provided by cadmium thiolates (Cd(SR)2)) constitutes a particularly robust means of
incorporating thiolate ligands.
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4.2 Experimental Section
4.2.1 Materials and General Procedures
CdSe[n-octylamine]0.53} QBs,27 {CdSe[Cd(oleate)2]0.19} QBs,28 {CdSe[Br]0.1[(noctyl)4N]0.1}QBs,29 sodium n-dodecanethiolate,30 and Cd(n-dodecanethiolate)231 were prepared
as previously reported. A stock solution of Cd(oleate)2 in 1-octadecene was prepared by a prior
method.2 Sodium hydride (dry, 90%,), tetraoctylammonium bromide (98%), n-dodecanethiol
(≥99.8%), n-octylamine (99%), methanol (ACS Reagent, ≥99.8%), and toluene (ACS Reagent,
≥99.5%) were obtained from Sigma Aldrich. All reagents were used as received without
additional purification. TEM sample grids (Cu with holey carbon film) were obtained from Ted
Pella, Inc.

4.2.2 Characterization Methods
UV-visible spectra were obtained from a Perkin Elmer Lambda 950 UV/Vis spectrometer
or an Agilent Cary 60 UV-visible spectrophotometer. Photoluminescence (PL) spectra were
collected using a Varian Cary Eclipse fluorescence spectrophotometer. XRD patterns were
obtained from a Bruker d8 Advance X-ray Diffractometer using Cu Kα radiation (1.5418 Å).
TEM images were obtained from JEOL 2000FX microscope at an accelerating voltage of 200
kV. EDS measurements were obtained on the same JEOL 2000FX microscope at 200 kV. IR
spectra were obtained from Bruker Optics Alpha System using solid specimens. Raman spectra
were collected using an inVia confocal Raman microscope (Renishaw, Gloucestershire, UK)
mounted on Leica microscope. The 785-nm wavelength diode laser coupled to a holographic
notch filter with a grafting of 1200 lines mm-1 was focused onto the sample using a 20× objective
with 10s exposure time, and one accumulation was collected per spot. Elemental analyses (C, H,
N, and S) were obtained from Galbraith Laboratories, Inc. (Knoxville, TN).
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4.2.3 Preparation of {CdSe[n-C12H25S]0.23[Na]0.23} QBs.
Freshly synthesized {CdSe[Cd(oleate)2]0.19} QBs (64 mg, 0.20 mmol) were dispersed in
toluene (2 mL). A solution of sodium n-dodecanethiolate in methanol (0.2 M) was prepared by
gently sonicating the mixture in a bench-top sonicator bath (10-15 min). This solution (5 mL)
was added to the QB dispersion, and the reaction mixture was shaken (2 min). Monitoring by
absorption spectroscopy showed an immediate shift of the lowest-energy absorption feature of
{CdSe[Cd(oleate)2]0.19} QBs at 472 nm to 463 nm, consistent with the formation of {CdSe[nC12H25S]0.23[Na]0.23} QBs.
The product QBs were collected by centrifugation (2500 rpm, 3 min) of the reaction mixture.
Washing was conducted in 1:1 (v/v) toluene, methanol mixture, for two or three cycles (4 mL
solvent mixture each cycle). Characterization was conducted using this purified material.

4.2.4 Ligation Exchange of {CdSe[n-C12H25S]0.23[Na]0.23} to {CdSe[noctylamine]0.53} QBs.
Exchange was conducted using either the washed or unwashed {CdSe[n-C12H25S]0.23[Na]0.23}
QBs precipitates generated from the procedure above. The {CdSe[n-C12H25S]0.23[Na]0.23} QBs
were dispersed in toluene (2 mL) and n-octylamine (2 mL) was added to the dispersion,
converting the deeper yellow starting dispersion to the pale yellow color of {CdSe[noctylamine]0.53} QBs immediately upon mixing. Subsequent analyses were conducted after
purification by two or three centrifugation-redispersion cycles with toluene (4 mL each cycle).

4.2.5 Preparation of {CdSe[Cd(n-dodecanethiolate)2]0.22} QBs from
{CdSe[Cd(oleate)2]0.19} QBs.
Freshly prepared {CdSe[Cd(oleate)2]0.19} QBs (64 mg, 0.20 mmol) were dispersed in toluene
(2 mL). n-Dodecanethiol (0.50 mL, 2.1 mmol) was slowly added (over 10 min) into the QB
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dispersion at room temperature. The reaction was then magnetically stirred at room temperature
for 20-24 h. The resulting {CdSe[Cd(n-dodecanethiolate)2]0.22} QBs were collected by
centrifugation (2500 rpm, 3 min) of the reaction mixture. Washing was conducted in toluene for
two or three cycles (4 mL each cycle). Characterization was conducted using this purified
material.

4.2.6 Preparation of {CdSe[Cd(n-dodecanethiolate)2]0.22} QBs from {CdSe[noctylamine]0.53} QBs.
Freshly prepared {CdSe[n-octylamine]0.53} QBs (52 mg, 0.20 mmol) were dispersed in
toluene (2 mL). A 0.20 M solution of Cd(n-dodecanethiolate)2 (0.52 g, 1.0 mmol) in methanol
(5.0 mL) was prepared by gently sonicating the mixture in a bench-top sonicator bath (10 min).
This solution was slowly added (over 10 min) into the QB dispersion at room temperature.
Monitoring by absorption spectroscopy showed a shift of the lowest-energy absorption feature of
{CdSe[n-octylamine]0.53} QBs at 449 nm to 473 nm, consistent with the formation of
{CdSe[Cd(n-dodecanethiolate)2]0.22} QBs. The product QBs were collected by centrifugation
(2500 rpm, 3 min) of the reaction mixture. Washing was conducted in 1:1 (v/v) toluene,
methanol mixture, for three cycles (4 mL solvent mixture each cycle). Characterization was
conducted using this purified material.

4.2.7 Ligation Exchange of {CdSe[Cd(n-dodecanethiolate)2]0.22} to {CdSe[noctylamine]0.53} QBs.
Exchange was conducted using either the washed or unwashed {CdSe[Cd(ndodecanethiolate)2]0.22} QBs precipitates generated from the procedure above. The {CdSe[Cd(ndodecanethiolate)2]0.22} QBs were dispersed in toluene (2 mL) and n-octylamine (2 mL) was
added to the dispersion, converting the deeper yellow starting dispersion to the pale yellow color
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of {CdSe[n-octylamine]0.53} QBs immediately upon mixing. Subsequent analyses were
conducted after purification by two or three centrifugation-redispersion cycles with toluene (4
mL each cycle).

4.2.8 Preparation of {CdSe[n-dodecanethiol]x} QBs from {CdSe[Br]0.1[R4N]0.1}
QBs.
Freshly prepared {CdSe[Br]0.1[R4N]0.1} QBs (49 mg, 0.20 mmol) were dispersed in
toluene (2 mL). n-Dodecanethiol (0.50 mL, 2.1 mmol) was slowly added (over 10 min) into the
QB dispersion at room temperature. The reaction was then magnetically stirred at room
temperature for 20-24 h. The resulting {CdSe[n-dodecanethiol]0.63} QBs were collected by
centrifugation (2500 rpm, 3 min) of the reaction mixture. Washing was conducted in 1:1 (v/v)
toluene, methanol mixture, for three cycles (4 mL solvent mixture each cycle) and the resulting
{CdSe[n-dodecanethiol]0.26} QBs were collected by centrifugation (2500 rpm, 3 min) of the
reaction mixture. Characterization was conducted using this purified material.

4.2.9 Ligation Exchange of {CdSe[n-dodecanethiol]0.26} to {CdSe[noctylamine]0.53} QBs.
Exchange was conducted using the washed {CdSe[n-dodecanethiol]0.26} QBs generated
from the procedure above. The {CdSe[n-dodecanethiol]0.26} QBs were dispersed in toluene (2
mL) and n-octylamine (2 mL) was added to the dispersion, converting the deeper yellow starting
dispersion to the pale yellow color of {CdSe[n-octylamine]0.53} QBs after stirring at room
temperature for 20 h. Subsequent analyses were conducted after purification by two or three
centrifugation-redispersion cycles with toluene (4 mL each cycle).

112

4.2.10 Surface Exchange of {CdSe[n-C12H25S]0.23[Na]0.23} QBs with nDodecanethiol.
Freshly prepared {CdSe[Br]0.1[R4N]0.1} QBs (49 mg, 0.20 mmol) were dispersed in
toluene (2 mL). n-Dodecanethiol (0.50 mL, 2.1 mmol) was slowly added (over 10 min) into the
QB dispersion at room temperature. The reaction was then magnetically stirred at room
temperature for 20-24 h. The resulting {CdSe[Cd(n-dodecanethiolate)2]0.63} QBs were collected
by centrifugation (2500 rpm, 3 min) of the reaction mixture. Washing was conducted in 1:1 (v/v)
toluene, methanol mixture for two cycles (4 mL solvent mixture each cycle) and one more cycle
with toluene (4mL).

4.2.11 Surface Exchange of {CdSe[Cd(n-dodecanethiolate)2]0.22} QBs with nDodecanethiol.
Freshly prepared {CdSe[Cd(n-dodecanethiolate)2]0.22} QBs (58 mg, 0.20 mmol) were
dispersed in toluene (2 mL). n-Dodecanethiol (0.50 mL, 2.1 mmol) was slowly added (over 10
min) into the QB dispersion at room temperature. The reaction was then magnetically stirred at
room temperature for 20-24 h. The resulting {CdSe[Cd(n-dodecanethiolate)2]0.63} QBs were
collected by centrifugation (2500 rpm, 3 min) of the reaction mixture. Washing was conducted in
1:1 (v/v) toluene, methanol mixture for two cycles (4 mL solvent mixture each cycle) and one
more cycle with toluene(4mL).

4.3 Results
4.3.1 Bound-Ion-Pair X-type Thiolate Ligation.
We recently reported that bound-ion-pair X-type ligation resulted from reaction of
{CdSe[Cd(oleate)2]0.19} QBs28 and the salts AX (A = Na+, R4N+; X = halides, carboxylates,
nitrate).29 Cd(oleate)2 constitutes Z-type ligation, and consequently the Cd/Se ratio exceeded one
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in the starting QBs. This ratio was measured to be 1.21 ± 0.02 by EDS in the TEM,29 consistent
with the empirical formula {CdSe[Cd(oleate)2]0.19} determined by combustion-based

elemental analysis.28 Replacement of the Z-type ligation by X– ligation removed the excess Cd,
resulting in measured Cd/Se ratios near unity (1.05 ± 0.02), indicative of stoichiometric
nanocrystal cores.
A similar ligand-exchange reaction between {CdSe[Cd(oleate)2]0.19} QBs and sodium ndodecanethiolate ([n-C12H25S]Na) was conducted in methanol. The lowest-energy feature in the
absorption spectrum of the QBs shifted immediately from 472 to 463 nm (Figure 4.1a, b). The
spectrum and spectral shift observed for the thiolate-ligated QBs (Figure 4.1b) was consistent
with bound-ion-pair X-type ligation.29 The IR spectra of the starting {CdSe[Cd(oleate)2]0.19}
QBs and the ligand-exchanged {CdSe[n-C12H25S]x[Na]x} QBs are compared in Figure 4.2 a, b.
The exchange removed the features at 1542 and 1424 cm-1 characteristic of the oleate groups and
gave features corresponding to n-dodecanethiolate (Figure 4.3).
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Figure 4.1. Absorption spectra collected from CdSe QBs corresponding to ligation exchanges
from Z to AX to L type. (a) starting {CdSe[Cd(oleate)2]0.19} QBs; (b) {CdSe[n-C12H25S]x[Na]x}
QBs formed by addition of [n-C12H25S]Na to the specimen in a; (c) {CdSe[n-octylamine]0.53}
QBs formed by addition of n-octylamine to the specimen in b. Reprinted with permission from
ref 47.

Figure 4.2. IR spectra collected from CdSe QBs corresponding to ligation exchange from Z to
AX to L type. (a) starting {CdSe[Cd(oleate)2]0.19} QBs (arrows identify the characteristic CO2
stretches); (b) {CdSe[n-C12H25S]x[Na]x} QBs formed by addition of [n-C12H25S]Na to the
specimen in a; (c) {CdSe[n-octylamine]0.53} QBs formed by addition of n-octylamine to the
specimen in b (the arrow identifies the characteristic NH stretches). Reprinted with permission
from ref 47.
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Figure 4.3. IR spectra of (a) sodium n-dodecanethiolate ([n-C12H25S]Na) and (b) ndodecanethiol (n-C12H25SH). The S-H stretch at 2579 cm-1 for n-C12H25SH is not detected in the
IR spectrum. Reprinted with permission from ref 47.

The empirical formula of the {CdSe[n-C12H25S]x[Na]x} QBs was determined to be {CdSe[nC12H25S]0.23[Na]0.23} QBs by combustion-based elemental analysis. As expected for bound-ionpair X-type ligation, the Cd/Se ratio was measured to be 1.02 ± 0.02 by EDS, confirming that the
excess Cd associated with the Z-type [Cd(oleate)2] in the starting QBs was removed in the ligand
exchange. The XRD pattern (Figure 4.4) and TEM images (Figure 4.5) of the thiolate-ligated
QBs confirmed retention of the wurtzite structure and ribbon morphologies of the starting QBs.
As previously demonstrated for bound-ion-pair X-type ligation, the thiolate ligation in {CdSe[nC12H25S]0.23[Na]0.23} was readily exchanged for L-type n-octylamine ligation by addition of noctylamine (Figures 4.1c and 4.2c).

116

Figure 4.4. XRD patterns of (a) {CdSe[n-C12H25S]0.23[Na]0.23} QBs, (b) {CdSe[Cd(ndodecanethiolate)2]0.22} QBs prepared from {CdSe[Cd(oleate)2]0.19} QBs, (c) {CdSe[Cd(ndodecanethiolate)2]0.22} QBs prepared from {CdSe[n-octylamine]0.53} QBs, and (d) {CdSe[ndodecanethiol]0.26} QBs. Reprinted with permission from ref 47.
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Figure 4.5. TEM images of (a) {CdSe[n-C12H25S]0.23[Na]0.23} QBs, (b) {CdSe[Cd(ndodecanethiolate)2]0.22} QBs prepared from {CdSe[Cd(oleate)2]0.19} QBs, (c) {CdSe[Cd(ndodecanethiolate)2]0.22} QBs prepared from {CdSe[n-octylamine]0.53} QBs, and (d) {CdSe[ndodecanethiol]0.26} QBs. Reprinted with permission from ref 47.

4.3.2 Z-type Thiolate Ligation.
The formation of L-type thiol ligation was attempted by reaction of L-type ligated {CdSe[noctylamine]0.53} QBs28 and excess n-dodecanethiol (n-C12H25SH). Monitoring by absorption and
IR spectroscopy indicated that no reaction occurred. The n-dodecanethiol was apparently
insufficiently basic to displace the n-octylamine ligands.
118

We next attempted to displace Z-type Cd(oleate)2 ligation with L-type thiol ligation by
reaction of {CdSe[Cd(oleate)2]0.19} QBs and excess n-dodecanethiol (n-C12H25SH). A spectral
shift of the lowest-energy absorption feature from 472 nm in the starting QBs to 476 nm
occurred within 20 min, but because the shift was small the reaction period was generally
extended to 20-24 h to ensure a complete reaction. The observed shift seemed to be in the wrong
direction for L-type ligation (Figure 4.6), as the lowest-energy absorption feature in {CdSe[noctylamine]0.53} QBs is at 449 nm.28 IR spectroscopy showed the removal of the oleate features
and their replacement by features consistent with either n-dodecanethiol or n-dodecanethiolate
ligation (Figure 4.7 a, b). These modes could not be distinguished by IR spectroscopy, because
the S-H stretch is very weak in the IR spectra of thiols. This feature is observed in the Raman
spectrum of n-dodecanethiol (Figure 4.8 a), but was absent from the Raman spectrum of the
exchange product of {CdSe[Cd(oleate)2]0.19} QBs and n-C12H25SH (Figure 4.8 b). Thus,
evidence of L-type thiol ligation was not found.

Figure 4.6. Absorption spectra corresponding to the reaction of {CdSe[Cd(oleate)2]0.19} QBs and
n-dodecanethiol. (a) starting {CdSe[Cd(oleate)2]0.19} QBs; (b) after addition of n-dodecanethiol
to {CdSe[Cd(oleate)2]0.19} QBs. Reprinted with permission from ref 47.
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Figure 4.7. IR spectra corresponding to the reaction of {CdSe[Cd(oleate)2]0.19} QBs and ndodecanethiol. (a) starting {CdSe[Cd(oleate)2]0.19} QBs (the arrows mark the characteristic CO2
stretches of the oleate ligands); (b) after addition of n-dodecanethiol to {CdSe[Cd(oleate)2]0.19}
QBs; (c) after washing the reaction product in b with a toluene-methanol mixture. Reprinted with
permission from ref 47.

Figure 4.8. Raman spectra in the region of S-H and C-H stretches. (a) n-dodecanethiol (the
arrow marks the S-H stretch at 2578 cm-1); (b) product of the reaction of {CdSe[Cd(oleate)2]0.19}
QBs and n-dodecanethiol; (c) {CdSe[Cd(n-dodecanethiolate)2]0.22±0.02} QBs formed by reaction
of {CdSe[n-octylamine]0.53} QBs and Cd(n-dodecanethiolate)2; (d) {CdSe[ndodecanethiol]0.63±0.02} QBs formed by reaction of {CdSe[Br]0.1[(n-octyl)4N]0.1} QBs and ndodecanethiol. Reprinted with permission from ref 47.
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The XRD pattern (Figure 4.4) and TEM images (Figure 4.5) of the ligand-exchanged QBs
showed retention of the wurtzite structure and ribbon morphologies, respectively. Significantly,
the Cd/Se ratio measured by EDS was 1.22 ± 0.02, indicating retention of the excess Cd
associated with Z-type ligation. We surmised that n-dodecanethiol had displaced the oleate
groups (as oleic acid by proton transfer, Scheme 4.2) in the surface-bound Cd(oleate)2 ligands, to
generate {CdSe[Cd(n-dodecanethiolate)2]0.22±0.02} QBs, comprising a different form of Z-type
ligation. Such a result would explain the small shift observed in the absorption spectrum from the
starting Z-type-ligated {CdSe[Cd(oleate)2]0.19} QBs (Figure 4.6), and the absence of an S-H
stretch in the Raman spectrum of the ligand-exchanged product (Figure 4.8 a, b). Thus, we
sought to prepare {CdSe[Cd(n-dodecanethiolate)2]0.22±0.02} QBs by an independent method to
confirm this conclusion.
Scheme 4.2. Thiolate for Oleate Exchange in Z-type-ligated QBs.a Reprinted with
permission from ref 47.

a

The oleate ligands adopt bridging configurations on the QBs, but are shown unbridged here for
simplicity.28
We previously reported the formation of Z-type ligation by displacement of L-type ligation in
reactions of {CdSe[n-octylamine]0.53} QBs and Lewis acids MX2 (M = Cd, Zn; X = oleate, Cl,
Br, I).28,32 We thus considered a similar displacement reaction using Cd(n-dodecanethiolate)231
as the Lewis acid. Reactions of {CdSe[n-octylamine]0.53} QBs and Cd(n-dodecanethiolate)2 in
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methanol resulted in rapid shifts of the lowest-energy absorption feature from 450 nm to 476 nm
(Figure 4.9 b). This shift was identical to that observed for the spectrum of the exchange product
in Figure 4.6 b, which we assigned to {CdSe[Cd(n-dodecanethiolate)2]0.22} above. The IR

(Figure10 b) and Raman spectra (Figure 4.8 c) of the product of {CdSe[n-octylamine]0.53}
QBs and Cd(n-dodecanethiolate)2 also matched those of the product of {CdSe[Cd(oleate)2]0.19}
QBs and n-dodecanethiol (Figures 4.7 b and 4.8 b, respectively), described above. The Cd/Se
ratio measured from the product of {CdSe[n-octylamine]0.53} QBs and Cd(n-dodecanethiolate)2
was 1.22 ± 0.02, confirming the formation of Z-type ligation. The formula determined by
combustion-based elemental analysis, {CdSe[Cd(n-dodecanethiolate)2]0.19±0.02}, was within error
limits the same. We concluded that both exchange reactions afforded the same product,
{CdSe[Cd(n-dodecanethiolate)2]0.22±0.02} QBs.

Figure 4.9. Absorption spectra corresponding to the reaction of {CdSe[n-octylamine]0.53} QBs
and Cd(n-dodecanethiolate)2. (a) starting {CdSe[n-octylamine]0.53} QBs; (b) after addition of
Cd(n-dodecanethiolate)2 to CdSe[n-octylamine]0.53} QBs; (c) after washing the reaction product
in b with a toluene-methanol mixture; (d) after addition of n-octylamine to the product in c,
regenerating {CdSe[n-octylamine]0.53} QBs. Reprinted with permission from ref 47.
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Figure 4.10. IR spectra corresponding to the reaction of {CdSe[n-octylamine]0.53} QBs and
Cd(n-dodecanethiolate)2. (a) after addition of n-dodecanethiol to {CdSe[Cd(oleate)2]0.19} QBs;
(b) after washing the reaction product in b with a toluene-methanol mixture; (c) after addition of
n-octylamine to the product in c, regenerating {CdSe[n-octylamine]0.53} QBs (the bracket
identifies the characteristic N-H stretches of the n-octylamine ligands). Reprinted with
permission from ref 47.
The Cd(n-dodecanethiolate)2 ligands were robustly bound to the CdSe QBs as Z-type
ligation, as they were not removed by solvent washing (Figures 9 c and 10 b). However, as in
prior cases of Z-type ligation on wurtzite CdSe QBs, the Cd(n-dodecanethiolate)2 ligands were
readily exchanged by exposure to n-octylamine, which resulted in the formation of L-typeligated {CdSe[n-octylamine]0.53} QBs (Figures 9 c and 10 b).

4.3.3 L-type Thiolate Ligation.
The two attempts to generate L-type thiol ligation described above were unsuccessful. nDodecanethiol was unable to displace the n-octylamine ligands in {CdSe[n-octylamine]0.53}
QBs, and reaction of {CdSe[Cd(oleate)2]0.19} QBs and n-dodecanethiol resulted in exchange of
the oleate groups in the initial Z-type ligation. Thus, neither L-type nor Z-type ligated CdSe QBs
were appropriate precursors for the formation of L-type n-dodecanethiol ligation.
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Our previous study of AX-ligated CdSe QBs found that bound-ion-pair X-type ligation was
readily exchanged to either L-type or Z-type ligation.29 We therefore next investigated the
exchange of AX ligation by n-dodecanethiol. CdSe QBs having depleted AX ligation and the
composition {CdSe[Br]0.1[(n-octyl)4N]0.1}29 were selected for exchange experiments.

The absorption spectrum of the {CdSe[Br]0.1[(n-octyl)4N]0.1} QBs was broadened due to
the depleted [(n-octyl)4N][Br] ligation,29 with the lowest-energy feature appearing at 470
nm (Figure 4.11 a). Addition of n-dodecanethiol to {CdSe[Br]0.1[(n-octyl)4N]0.1} resulted in a
shifting of the absorption spectrum that required 20 – 24 h to reach apparent completion.
At the end of this reaction period, the lowest-energy absorption feature had shifted to 456
± 1 nm (Figure 4.11 b), which was consistent with L-type ligation, given that the lowestenergy feature in L-type ligated {CdSe[n-octylamine]0.53} QBs is at 449 nm.28

Figure 4.11. Absorption spectra corresponding to the reaction of depleted{CdSe[Br]0.1[(noctyl)4N]0.1}QBs and n-dodecanethiol. (a) starting {CdSe[Br]0.1[(n-octyl)4N]0.1}QBs; (b) after
addition of n-dodecanethiol to {CdSe[Br]0.1[(n-octyl)4N]0.1}QBs; (c) after addition of noctylamine to the product in b, generating {CdSe[n-octylamine]0.53} QBs. Reprinted with
permission from ref 47.
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The IR spectrum (Figure 4.12 a) of the product of the exchange reaction was consistent
with either L-type n-dodecanethiol ligation or X-type n-dodecanethiolate ligation, given the nondetection of the S-H stretch by IR spectroscopy. However, the S-H stretch at 2585 cm-1 was
prominent in the Raman spectrum (Figure 4.8 d), near its position in free n-dodecanethiol (2578
cm-1). The Cd/Se ratio measured by EDS was 1.01 ± 0.02, indicating stoichiometric CdSe QB
cores as in the starting {CdSe[Br]0.1[(n-octyl)4N]0.1}QBs, and as required by L-type ligation. The
overall composition was determined by combustion-based elemental analysis. The product as
precipitated from the reaction mixture analyzed for {CdSe[n-dodecanethiol]0.63 ± 0.02}, close to
the composition of the L-type-ligated {CdSe[n-octylamine]0.53} QBs. After washing the
precipitated product by methanol and toluene, the composition analyzed for {CdSe[ndodecanethiol]0.26 ± 0.02}. The significance of these ligation stoichiometries is considered in the
Discussion. The L-type n-dodecanethiol ligation was readily exchanged by n-octylamine to
generate {CdSe[n-octylamine]0.53} QBs (Figure 4.11 c).

Figure 4.12. IR spectra corresponding to (a) the reaction of {CdSe[Br]0.1[(n-octyl)4N]0.1}QBs
and n-dodecanethiol, and (b) after addition of n-octylamine to the product in a, regenerating
{CdSe[n-octylamine]0.53} QBs (the bracket identifies the characteristic N-H stretches of the noctylamine ligands). Reprinted with permission from ref 47.
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The synthesis and characterization of the L-type-ligated {CdSe[n-dodecanethiol]0.63}
prompted two additional exchange experiments. In the first, the Z-type-ligated {CdSe[Cd(ndodecanethiolate)2]0.22} QBs and excess n-dodecanethiol were allowed to react, and the slow
exchange process was monitored by absorption spectroscopy (Figure 4.13). The spectrum of
{CdSe[Cd(n-dodecanethiolate)2]0.22} was observed to shift to that of {CdSe[ndodecanethiol]0.63} after 20-24 h, indicating that n-dodecanethiol displaced the Z-type Cd(ndodecanethiolate)2 ligands. Similarly excess n-dodecanethiol was found to slowly (20-24 h)
displace the bound-ion-pair X-type ligation in {CdSe[n-C12H25S]0.23[Na]0.23} (Figure 4.14). Thus,
three exchange pathways to {CdSe[n-dodecanethiol]0.63} were identified, as described above. All
of the ligand-exchange processes employed in this work are summarized in Scheme 4.3.

Figure 4.13. Absorption spectra corresponding to the reaction of {CdSe[Cd(ndodecanethiolate)2]0.22}QBs and n-dodecanethiol. (a) starting {CdSe[Cd(ndodecanethiolate)2]0.22} QBs (the lowest-energy absorption feature is at 473 nm); (b) after
addition of n-dodecanethiol to {CdSe[Cd(n-dodecanethiolate)2]0.22} QBs (the lowest-energy
absorption feature is at 456 nm, corresponding to {CdSe[n-dodecanethiol]0.63} QBs). Reprinted
with permission from ref 47.
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Figure 4.14. Absorption spectra of (a) {CdSe[n-C12H25S]0.23[Na]0.23} QBs, and (b) {CdSe[ndodecanethiol]0.63} QBs obtained by ligand exchange of {CdSe[n-C12H25S]0.23[Na]0.23} QBs with
n-octylamine. Reprinted with permission from ref 47.
Scheme 4.3 Ligand Exchanges Affording Thiol and Thiolate Ligation.a Reprinted with
permission from ref 47.

a

OA = oleate; TOA = N(n-octyl)4
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4.4 Discussion
The structural aspects of the wurtzite CdSe QBs have been discussed in our prior
publications.28,29,32 To summarize, the discrete QB thicknesses of 5 CdSe monolayers requires
2/5 or 40% of the CdSe units to be positioned on the top and bottom nanocrystal surfaces (Figure
1a). Because of the ratio of the discrete thicknesses (1.8 nm) to the mean widths (6.0 nm), an
additional 12% of the CdSe units are on the edge surfaces, for a total of 52% of the CdSe units
on the majority top, bottom, and edge facets. As noted in the introduction, only half of the CdSe
units on these surfaces, or 26% in total, are in 3-coordinate ridge positions, and are therefore able
to bind ligands. Thus, the ideal stoichiometry obtained by the ligation of, for example, one Ztype ligand per 3-coordinate surface Se atom is {CdSe[Z]0.26},28 corresponding to a ligand
surface density of 3.8 nm-2. For comparison, the stoichiometry determined for Cd(oleate)2 as the
Z-type ligand is {CdSe[Cd(oleate)2]0.19},28 which is close to the ideal stoichiometry. Because the
facets expressed by the wurtzite QBs are nonpolar, the QBs have equal numbers of 3-coordinate
surface Cd and Se atoms. Thus, the idealized stoichiometry for ligation of one L-type ligand per
3 coordinate Cd atom is {CdSe[L]0.26}.28 The stoichiometry determined for n-octylamine
ligation, {CdSe[n-octylamine]0.53},28 corresponds to twice the number of expected n-octylamine
ligands and a ligand surface density of 7.6 nm-2. This value is slightly higher than the oleateligand surface density of 5.3 nm-2 determined for zinc-blende CdSe nanoplatelets.33
On the basis of literature precedent,32 we proposed a structural model having one noctylamine ligated to each 3 coordinate surface Cd as a Lewis base, and one n-octylamine ligated
to each 3-coordinate surface Se in a hydrogen-bonding-like interaction, having the ideal
stoichiometry of {CdSe[n-octylamine]0.52}, matching the experimental stoichiometry.28 The
stoichiometry determined for the as-precipitated n-dodecanethiol-ligated QBs, {CdSe[n128

dodecanethiol]0.63 ± 0.02}, is close to that for L-type n-octylamine ligation, and may also indicate
thiol binding to both Cd and Se atoms. The stoichiometry for the washed n-dodecanethiol-ligated
QBs, {CdSe[n-dodecanethiol]0.26 ± 0.02}, is right on the ideal value for L-type ligation of only the
3-coordinate surface Cd atoms. This is consistent with the weak hydrogen-like bonding expected
for thiols,35-37 such that the putatively H-bonded thiol ligands are removed by washing. The
compositions determined for the {CdSe[n-C12H25S]0.23±0.02[Na]0.23±0.02} and {CdSe[Cd(ndodecanethiolate)2]0.22±0.02} QBs are also consistent with one X-type and one Z-type ligand per
3-coordinate surface Cd and Se atom, respectively. The ligation stoichiometries thus fit a rational
surface-structure model.
As noted in the introduction, only a few studies have compared thiol and thiolate ligation in
the same nanocrystal system. Peng and coworkers prepared CdS, CdSe, and CdTe nanocrystals
ligated exclusively by 3-hydroxy-1-propanethiolate groups.10 They then studied the pH
dependence of their colloidal stability in aqueous dispersions. Titration from higher pH to values
in the range of pH 4 – 6 resulted in the precipitation of the nanocrystals. These processes were
reversible; return to higher pH resulted in nanocrystal redispersion. Peng and coworkers
concluded that the thiolate ligands were protonated to thiol ligands at the lower pHs, followed by
immediate dissociation of the weakly bound thiols. Cycling back to higher pH again
deprotonated the thiols, resulting in their re-ligation. In a related pH-dependent aqueous study,
Hollingsworth and coworkers demonstrated that thiolate and not thiol ligands are responsible for
the loss of photoluminescence efficiency upon exchange of the native ligands on CdSe
nanocrystals.9
Alivisatos and coworkers studied ligation exchange with thiols in toluene dispersions of CdSe
nanocrystals initially ligated exclusively by n-octadecylphosphonate groups.11 Addition of 2129

methoxyethanethiol resulted in its ligation without displacement of the n-octadecylphosphonate
ligands, showing that the nanocrystals have sites for both X-type and L-type ligands. However,
addition of 2-methoxyethanethiol with trimethylamine resulted in the rapid displacement of the
n-octadecylphosphonate ligands by 2-methoxyethanethiolate ligands. Deprotonation of 2methoxyethanethiol was thus necessary to the exchange of the n-octadecylphosphonate groups.
Cossairt and coworkers studied ligand-exchange equilibria (in toluene or benzene) of
compositionally precise nanoclusters of formula In37P20X51 (X = oleate).12 These nanoclusters are
super-stoichiometric in In cations (In/P > 1), with X-type ligands to balance the excess cationic
charge. Ligand-exchange data for exchange by a second carboxylic acid, dodec-11-enoic acid,
revealed that the incoming acid ligated the nanoclusters in two modes: as a neutral L-type acid
ligand with its acidic proton intact, and as an X-type carboxylate ligand. Thus, the nanoclusters
also have sites for both X-type and L-type ligands. Even so, a similar study of ligand exchange
with 10-undecene-1-thiol found no evidence for L-type thiol ligation in the exchangeequilibrium data.12 The incoming thiols were incorporated only as X-type thiolate ligands.
Only one of the prior reports described above observed persistent thiol binding in the form of
neutral, L-type thiol ligands.11 Indeed, molecular metal complexes having neutral thiol ligands
are fairly rare.38 This is in part due to the ease of oxidation or oxidative addition of thiol ligands
to generate thiolate ligands.38-41 Thiol ligands are labile42 and easily displaced by halides,
phosphines, and acetonitrile.38,39,42,43 Metal-thiol complexes have comparatively weak M-S bond
strengths,38,43 including relative to metal thiolates.42 Thiols are poorer σ-donor ligands than are
amines, phosphines, or thiolates.42 Interestingly, most of the stable, L-type thiol complexes are
Ru complexes.38,41,43-46 We were unable to find thiol complexes of Cd, Zn, Hg, or other maingroup metals in the literature.
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The results reported here establish n-dodecanethiol to also be a comparatively weakly bound
L-type ligand for wurtzite CdSe QBs. Even in large excess n-dodecanethiol is unable to displace
n-octylamine from {CdSe[n-octylamine]0.53}. However, n-octylamine readily displaces ndodecanethiol from {CdSe[n-dodecanethiol]0.26} to generate{CdSe[n-octylamine]0.53}. Thus, in a
comparison of n-dodecanethiol and n-octylamine as L-type ligands, n-dodecanethiol is the more
weakly bound. This is consistent with the lability of thiol ligands with respect to other L-type
ligands such as phosphines and acetonitrile,38,42 and the generally weak M-S bond strengths in
the thiol complexes discussed above.38,42,43
Even so, the present study shows that n-dodecanethiol displaces bound-ion-pair X-type
ligation. Here we find that [(n-octyl)4N][Br] as bound-ion-pair X-type ligation is displaced by ndodecanethiol (in 7-10 fold excess relative to the bound [(n-octyl)4N][Br]; Figure11 a, b). A
similar excess of n-dodecanethiol also displaces [Na][n-C12H25S] ligation from {CdSe[nC12H25S]0.23[Na]0.23} (Figure 4.14). Thus, bound-ion-pair thiolate ligation can be exchanged for
L-type thiol ligation.
We also find that n-dodecanethiol displaces Z-type ligation. Exposure of {CdSe[Cd(ndodecanethiolate)2]0.22} to a 7-10 fold excess of n-dodecanethiol results in substitution of the
Z-type Cd(n-dodecanethiolate)2 ligands, and the formation of {CdSe[n-dodecanethiol]0.63}
(Figure 4.13). All three of the substitution reactions involving displacement of the X- or Z-type
ligands on the CdSe QBs by n-dodecanethiol are the slowest such ligand-exchange processes we
have observed for wurtzite CdSe QBs. Moreover, the use of excess n-dodecanethiol and Le
Chatelier’s principle for ligand substitution in these qualitative synthetic processes precludes
inferences of which type of ligation, L-type thiol vs. bound-ion-pair X-type or Z-type thiolate, is
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more strongly bound. However, the results do establish the interchangeability of L-type ndodecanethiol, bound-ion-pair X-type [Na][n-C12H25S], and Z-type Cd(n-dodecanethiolate)2
ligation.10,11 Given that most syntheses produce semiconductor nanocrystals having a
stoichiometric excess of metal ions, the predominant bonding modes of thiol-derived entities on
semiconductor nanocrystals are most likely as X-type thiolate or Z-type M(thiolate)n ligands.
We noted in the Introduction that addition of thiols to CdSe nanocrystals decreases their
photoluminescence efficiencies.3,5-8 Correspondingly, the photoluminescence is quenched in all
of the thiol- and thiolate-ligated QBs studied here.

4.5 Conclusions
The bonding modes of thiol and thiolate ligands on wurtzite CdSe QBs have been assessed.
Thiols bind to the neutral, stoichiometric nanocrystal cores as L-type ligands. The binding of
anionic thiolate ligands requires either counter-cations in the form of bound-ion-pair X-type
ligation, or excess Cd in the form of Z-type ligation. These bonding modes are readily
interchangeable. Thiol and thiolate ligation are best distinguished by Raman spectroscopy
(presence or absence of an S-H stretch) and by determining the nanocrystal core stoichiometry
(metal/nonmetal ratio). Nanocrystals that are super-stoichiometric in metal cations most likely
bind thiol-derived ligands as thiolates.
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5.1 Conclusions
In this dissertation, ligand exchange of various type of ligands are systematically studied on
2D CdSe QBs. Specifically, L to Z, L or Z to bound-ion pair X-type ligands are discussed in
detail.
In Chapter 2, {CdSe[n-octylamine]0.53±0.06} quantum belts undergo instantaneous, reversible
exchange of the L-type amine ligation for Z-type ligation provided by the neutral metal halides
MX2 (M = Cd, Zn; X = Cl, Br, I). The CdX2-ligated quantum belts are determined to have the
compositions {CdSe[CdCl2]1.23}, {CdSe[CdBr2]1.03}, and {CdSe[CdI2]0.42}, corresponding to
two, two, and one CdX2 monolayer shells, respectively. Exchange from L-type to Z-type MX2
ligation results in large shifts of the quantum-belt absorption (extinction) features to lower
energy, which are 252, 151, and 157 meV for CdCl2, CdBr2, and CdI2 ligation, respectively.
These spectral shifts, which are due to changes in the strain states of the QBs, and extension of
the CdSe crystal lattice by surface coordination of the ligand Cd atoms, are rapidly and
completely reversed by back exchange to n-octylamine ligation. Similarly, reversible spectral
shifts are observed upon L-type to Z-type exchange with ZnX2 ligation, although the shifts are
smaller in magnitude.
In chapter 3, wurtzite CdSe quantum belts (QBs) having Z-type ligation, such as
{CdSe[Cd(oleate)2]0.19} QBs, undergo facile ligation exchange with AX salts (A = R4N, Na; X =
OH, Cl, Br, NO3, OBz, OAc) to afford QBs having bound-ion-pair X-type ligation and empirical
formulas CdSe[X]x[A]x. Exchange to AX ligation is accompanied by shifts of the quantum-belt
absorption spectra by as large as 340 meV (for X = OH) relative to the spectrum of L-type
{CdSe[n-octylamine]0.53} QBs. AX ligation is also investigated using the Na+ salts of D- and Lphenylalanine. These chiral X ligands induce inverse chiroptical effects in the CD spectra
137

corresponding to the electronic transitions of the CdSe QBs, providing strong evidence of direct
ligation of the X groups on the QB surfaces. AX ligation appears to consist of two populations
on the QBs, one for which the AX ligands are persistently bound, and another for which the AX
ligands are readily removed by washing. These generate two ligation stoichiometries referred to
as depleted and saturated ligation, respectively. The empirical formulas for depleted ligation are
in the approximate range of CdSe[X]0.1-0.3[A]0.1-0.3, whereas those for saturated ligation are in the
approximate range of CdSe[X]0.4-0.8[A]0.4-0.8. These ranges are consistent with approximately one
and two X- ligands per three-coordinate surface Cd atom, respectively. AX ligation is readily
exchanged to either L-type primary amine or Z-type Cd(oleate)2 ligation. However, AX salts do
not displace L-type primary amine ligation under the conditions studied. All ligation exchanges
are rapid and complete at room temperature, and with the exception of L-type to bound-ion-pair
X-type ligation, fully reversible.
In chapter 4, Addition of thiols to semiconductor nanocrystals influences their
photoluminescence efficiencies; however, the mode of ligation – as neutral thiol ligands, or as
anionic thiolate ligands – is rarely clearly established. We now differentiate these ligation modes
on wurtzite CdSe quantum belts (QBs). n-Dodecanethiol and n-dodecanethiolate ligation of
CdSe QBs are obtained through ligand exchanges. Reaction of {CdSe[Cd(oleate)2]0.19} QBs and
sodium n-dodecanethiolate affords {CdSe[n-C12H25S]0.23[Na]0.23} QBs, having bound-ion-pair
X-type ligation. Reaction of {CdSe[Cd(oleate)2]0.19} QBs and n-dodecanethiol affords
{CdSe[Cd(n-dodecanethiolate)2]0.22} QBs, having Cd(n-dodecanethiolate)2 ligands as Z-type
ligation. {CdSe[Cd(n-dodecanethiolate)2]0.22} QBs are also prepared by reaction of {CdSe[noctylamine]0.53} QBs and Cd(n-dodecanethiolate)2. Reaction of {CdSe[Br]0.1[(noctyl)4N]0.1}QBs and n-dodecanethiol affords {CdSe[n-dodecanethiol]0.26} QBs, having L-type
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ligation. {CdSe[n-dodecanethiol]0.26} QBs are also prepared by reaction of {CdSe[nC12H25S]0.23[Na]0.23} or {CdSe[Cd(n-dodecanethiolate)2]0.22} QBs with n-dodecanethiol. Thus
interchange of n-dodecanethiol and n-dodecanethiolate ligation is readily achieved.
Facile interchanges among all ligand types – L type, Z type, and X type – were achieved on
wurtzite 2D cadmium selenide quantum belts in this work. Such complete and uniform exchange
chemistry was enabled from the majority non-polar facets expressed by these nanocrystals,
which gave the same chemistry for effectively their entire surface areas. Thus, wurtzite cadmium
selenide QBs constitute an ideal system for studies of ligand exchange. The facile interchanges
between L-, Z-, and bound-ion-pair X-type ligation provide tremendous synthetic flexibility for
introduction of specific functional ligands, either incorporated as neutral Lewis acids or bases, or
as charged entities. The synthetic flexibility employed here can be extended to introduce chargeseparating or charge-delocalizing ligands on 2D semiconductor nanocrystals.

5.2 Future Work
First of all, as we have thoroughly discussed previously, the 2D wurtzite CdSe
nanocrystals employed here, having a single type of majority facet, facile and complete
interchange of L-, X-, and Z-type ligation, precisely known core stoichiometries and surface
coverages, and spectral features highly sensitive to surface ligation, constitute an ideal model
system for understanding the structural and geometrical aspects of charge transfer to surfacebound ligands. However, the ligand-exchange chemistry of the corresponding zinc blende II-VI
NPs is less well developed. These nanocrystals express polar {100}-related facets and have Xtype long-chain carboxylate ligation as synthesized.1-3 The exchange chemistry on these polar
facets should be different than that of the non-polar facets expressed by the 2D wurtzite
nanocrystals. For example, the zinc blende 2D CdSe nanocrystals undergo X’ for X exchange, in
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which the carboxylate ligation is exchanged for halide ligation.4,5 Exposure of the zinc blende
CdSe nanoplatelets to an L-type primary amine causes extraction of Cd(oleate)2 preferentially
from edge sites. There is no indication that this presumed Z- for L-type ligand exchange is
complete or reversible.6 Systematic ligand exchange study of zinc-blend II-VI NPs is needed to
greatly complement our previous studies. The knowledge of the ligation and exchange behavior
of polar facets, when combined with the results of this dissertation on non-polar facets, may
enable purposeful ligand-exchange chemistry on typical nanocrystals having mixed facet types.
Second, with our ligand exchange methods, we can grow inorganic shells layer by layer
and control their compositions. Thus we can form monolayer thickness core/shell nanocrystals
which may exhibit superior catalytic properties. Thus, a monolayer TiO2 shell on CdSe QBs
may allow extraction of photogenerated charge carriers, while protecting the CdSe cores from
photocorrosion.
The sharp spectral features and light-hole, heavy-hole splitting characteristics of the 2D
nanocrystals will also enable new spectroscopic methods for distinguishing electron and hole
transfer from the nanocrystals by ultrafast spectroscopy. The strong transitions will exhibit
characteristically different bleach dynamics for electron and hole transfer by time-resolved TA
spectroscopy.7
Last, 2D nanocrystals have large surface areas and lateral dimensions to support charge
extraction and transport.8,9 The large unconfined dimensions create a continuum of energy levels
that should provide energy matching with charge-transfer partners, facilitating charge transfer.1,10
The 2D nanocrystals exhibit a strong tendency to form face-to-face stacks or bundles11,12 that
engenders electronic coupling8,9 between them and allows energy13-15 and charge transport16
among assemblies of nanocrystals. However, the assembly of 2D nanocrystals into ordered
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arrays or superlattices has been little studied. Only three previous work had been reported,17-19
and none employing the wurtzite nanocrystals that allow control of surface ligation. Our 2D
wurtzite nanocrystal platform having versatile and interchangeable surface ligation will facilitate
the development of dip-coating and drop casting methods for superlattice assembly. The
assembly methods will allow exploration of the potential application of 2D short-chain
passivated nanocrystal thin films in solar cells.
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